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7>B -.;4W/.64 &*' /<4 :FX 1,134?/.8.-./0# 7<4 /41/1 <&54 844* &-1) 3&22.4' ),/ /)
3<43V /<4 2&'.&/.)* /)-42&*/ .6?-464*/&/.)* ); /<4 *&*)I>= 1-&54 .*/42;&34 '454-)?4'
.* /<4 I=JK Y26U&24#
>* & ?24-.6.*&20 /41/ Q"RS /<4 I=JK 24&3<4' &2),*'  HH J0 84;)24 ;&.-,24L &*'
& T,4*34 ); 7 × 1011 ??Z36 # B41?./4 /<&/L & 143)*' /41/ Q"[S U&1 3&22.4' ),/ /)
?2)84 U<4/<42 /<4 7>B -.;4W/.64 3),-' 84 4A/4*'4' 80 24?2)@2&66.*@ /<4 I=JK#
K1 4A?-&.*4' .* Q HSL /<4 7>B -.;4W/.64 .1 -.6./4' 80 /<4 /<4 3<&2@4 -)11 .* /<4 IJ
'45.341 \U<4/<42 .* /<4 42&14 )2 /<4 ?2)@2&6 1/&/4]# 7<424;)24L & Y21/ 7>B 6./.@&/.)*
1)-,/.)* U),-' 84 /) &//46?/ /) 241/)24 /<&/ 3<&2@4 /) /<414 IJ 34--1# 7<.1 24;241<
3),-' 1.6?-0 84 ')*4 80 42&1.*@ &*' 24?2)@2&66.*@ /<4 T&1< I=JK# X*;)2/,*&/4-0L
/<4 ?2)@2&66.*@ 3.23,./ .1 14*1./.54 /) 7>B &*' &;/42 3,6,-&/.*@ & 342/&.* &6),*/ );
')14 &* .*&8.-./0 /) 24?2)@2&6 /<4 3)24 &2.141# K3/4- ;),*' /<&/ /<.1 -.6./ .1 &2),*'
 HH J0 U./< ^N2&01 Q DSL &*' /<4 -.6./ ); /<4 3)24 4A/4*'1 /) __H J0 \8&14' )* DHG
'4@2&'&/.)* ); /<4 ?2)?&@&/.)* '4-&0]# K11,6.*@ & ?,24 &*&-)@0 /<4 243)*Y@,2&/.)*
3.23,./20 ;&.-,24 U&1 4A?43/4' /) 84 6&*.;41/4' &/ /<4 1&64 5&-,4 8,/ .*1/4&'L ./
U&1 3)*3-,'4' /<&/ /<4 -.6./ .1 &??2)A.6&/4-0 $HH J09 &-- 243)*Y@,2&/.)* &//46?/1
?42;)264' &/ DRH J0 U424 1,33411;,-` )*4 &//46?/ &/ $"H J0 ;&.-4'` &/ $HH J0 )*4
&//46?/ ;&.-4' &*' /U) U424 1,33411;,-#
7<4 :FX 1,134?/.8.-./0 U&1 3&22.4' ),/ 80 3),*/.*@ /<4 *,68421 ); 422)21 )*
/<4 3)66,*.3&/.)* 84/U44* /<4 I=JK &*' /<4 =O# >* /)/&- 1 × 1013 ?Z36 U424
&33,6,-&/4' 80 /<4 D$ BX71 U./< 7(% &*' *) :FX &??4&24'# 7<4 I=JK /<&/
U&1 10*/<41.a4' U./<),/ 7(% 4A?42.4*34' :FX1 .* /<4 ;)26 ); '&/& 422)21 &*'
3)66,*.3&/.)* -)1141L 8,/ ./ U&1 &-U&01 &8-4 /) 241,64 &-)*4 ./1 ;,*3/.)*&-./0# 7<4
422)2 32)11 143/.)* ;),*' ;)2 /<4 BX7 *)*W/2.?-.3&/4' U&1 &8),/ 6.8× 10−11 36 #
 !"#$%& '( )"*+"$+,- .,-+$,&+-/ 012$%3 )"*.,- 45
 !"! #$%
6!% 78 +2 " 9:-*"3%-$"; #"&$ ,9 $!% )"*.,-( 7- <=>!"--%;? @5AB+$ 07) >,-C%&$%&?
B"2%* ,- D+ .E0 $%>!-,;,/1 !"2 B%%- >!,2%- F78 .7G@@H45I ( J">! >!"--%;
!"2 +-*%#%-*%-$ 0"3#;%AK,;* >+&>:+$&1 "-* 78 *+/+$+L%&? ";;,M+-/ 9,& " &%"; #"&";;%;
&%"*+-/ ,9 $!% %+/!$ +-#:$2( 6!% 07) "&>!+$%>$:&% +2 >,-2+*%&%* "- ,#$+3:3 $&"*%A,N
9,& "##;+>"$+,-2 M+$! *1-"3+> C,;$"/% +-#:$ "-* 3%*+:3 2"3#;+-/ 9&%O:%->1 F:# $,
P .0Q0I(
R% >,-2+*%&%* C"&+,:2 "2#%>$2 ,9 &"*+"$+,- %N%>$2 ,- $!% 78 >"-*+*"$%( R%
#%&9,&3%* "
 !
 , /"33" +&&"*+"$+,- $, C%&+91 $!% &"*+"$+,- !"&*-%22 ,9 $!% 78 (
6!% ,BS%>$+C%2 ,9 $!% $%2$ "&% $, 3%"2:&% $!% C"&+"$+,- ,9 $!% 3"+- #"&"3%$%&2 ,9 $!%
78 .7G@@H45 "-* $, "22%22 +$2 6T8 ;+9%A$+3%( 6!% $%2$2 !"C% B%%- >"&&+%* ,:$ "$
$!% U&":-!,9%& +-2$+$:$% M+$! " *,2% &"$% ,9 4 V1W!(
U+C% B,"&*2 !"C% B%%- +&&"*+"$%*( U,:& ,9 $!%3 M%&% +&&"*+"$%* +- #"22+C% 3,*%
M+$!,:$ $!% #,M%& 2:##;1? M!+;% $!% B,"&* X +&&"*+"$%* :# $, XHH V1? M"2 >,-$+-:,:2;1
2:##;+%* "-* 3,-+$,&%*( J">! B,"&* >,-$"+-2 ' 78 2 M!+>! 2!"&% $!% 2"3% #,M%&
2,:&>%( 6!% 78 -%%*2 $M, #,M%& 2:##;+%2Y ,-% 9,& $!% *+/+$"; #"&$ "-* $!% 2%>,-* 9,&
$!% "-";,/ #"&$Z $!% >:&&%-$ >,-2:3#$+,- ,- B,$! $!% #,M%& 2:##;+%2 M%&% &%>,&*%*
*:&+-/ $!% +&&"*+$+,-(
6!% *+/+$"; #,M%& 2:##;1 ,9 $!% B,"&* X F,-;+-% 3%"2:&%3%-$2I M"2 3,-+$,&%*
"-* $!% >:&&%-$ 2$"&$%* $, +->&%"2% "$ @5H V1 "$ " &"$% ,9 @(P37WV1( 7$ P4H V1 $!%
>:&&%-$ +->&%"2%* M+$! " !+/!%& 2;,#% F@H37WV1I F2%% U+/:&% 'A@@I( 6!%2% +->&%3%-$2
,- $!% "-";,/ >:&&%-$ !"##%-2 "$ "&,:-* P'H V1 FU+/:&% 'A@PI( 6!%2% 3%"2:&%3%-$2
"&% +- "/&%%3%-$ M+$! $!% &%2:;$2 ,9 $!% #&,$,- +&&"*+"$+,- "$ Q0T M!%&% $!% >:&&%-$
+->&%"2% M"2 &%/+2$%&%* "$ @<H V1 "-* @5H V1 9,& $!% 8+/+$"; "-* $!% 7-";,/ 2:##;1?
&%2#%>$+C%;1 [4P\(
T- U+/:&% 'A@' $!% $,$"; #,M%& >,-2:3#$+,- F7-";,/ ] 8+/+$";I 9,& ,-% 78 
+2 %^$&"#,;"$%* 9&,3 $!% 3%"2:&%3%-$2? *+C+*+-/ $!% "-";,/ >:&&%-$ B1 $!&%% "-*
2:33+-/ $!% 8+/+$";  :&&%-$( 6!+2 2$:*1 !%;#2 :-*%&2$"-*+-/ +9 $!% )"*.,- #,M%&
B,"&*? M!+>! +2 "B;% $, #&,C+*% " 3"^+3:3 ,9 XHH 37? >"- !"-*;% $!% $,$"; >:&&%-$
>,-2:3#$+,- ,9 $!% 78 (  ,-2+*%&+-/ $!"$ $!% )"*.,- !"2 $M, 78 2? $!% >:&&%-$
B:*/%$ 9,& ,-% 78 !"2 B%%- _^%* "$ XHH 37( 6!% U+/:&% X 2!,M2 $!"$ $!% )"*.,-
#,M%& B,"&* >"- 2:##;1 $M, 78 2 :# $, P5H V1( 7$ "&,:-* "- ">>:3:;"$%* 6T8 ,9
P5H V1 $!% 78 9"+;2? $!:2 2%$$+-/ $!% !+/!=%-* ;+3+$ 9,& $!% ;+9%$+3% ,9 $!% %-$+&%
)"*.,-(
7;; $!% B,"&*2 $!"$ M%&% $%2$%* +- #"22+C% 3,*% 2!,M -, 6T8 %N%>$2 :# $, XHH
V1( 6!+2 !+/!;+/!$2 $!% +3#,&$"->% ,9 $!% $%2$2 2$&"$%/1 M!+>! 9,&%2%%2 $!"$ ,-;+-%
3%"2:&%3%-$2 :-*%& +&&"*+"$+,- 3:2$ B% >"&&+%* M+$! $!% &%"; B+"2 >,-*+$+,-2( 6"B;%
 ! "#$# %&'()* +,&-./0 &11,2&*34 .* 2&'.&/.)* 4*5.2)*64*/1
7.8,24 "9::; <)=42 3)*1,6>/.)* ?)2
/@4 A.8./&- <)=42 1,>>-0 B?)2 " CAD1E#
7.8,24 "9:$; <)=42 3)*1,6>/.)* ?)2 /@4
C*&-)8 <)=42 1,>>-0 B?)2 " CAD1E#
"#" 1,66&2.F41 /@4 241,-/1 ?)2 &-- /@4 G)&2'1#
7.8,24 "9:"; H)/&- 3,224*/ 3)*1,6>/.)* 3)6G.*.*8 C*&-)8 &*' A.8./&- >)=42 1,>>-0
?)2 & 1.*8-4 CAD# H@4 6&I.6,6 &66),*/ )? 3,224*/ /@&/ /@4 %&'()* 3&* 1,>>-0
/) & 1.*8-4 CAD .1 24>)2/4'#
%&'.&/.)*1 3&* &-1) 3&,14 & JKL .* /@4 '.8./&- 143/.)* )? /@4 CAD# H@4 32./.3&-./0
)? & JKL '4>4*'1 )* /@4 &>>-.3&/.)* &*' 3&* G4 41/.6&/4' =./@ & ?&,-/ .*M43/.)*
/43@*.+,4 N "O# C JKL 3&* &-1) &P43/ /@4 CAD 3-)3Q 3.23,./20 241,-/.*8 .* & J.*8-4
K54*/ 7,*3/.)* R*/422,>/ BJK7RE =@.3@ G-)3Q1 /@4 3)*5421.)* ?)2 6&*0 1,33411.54
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6"78% '('9 0:33"&1 ,; $!%
 !
 , &"*+"$+,- $%2$ &%2:8$2(
<,"&* = <,"&* > <,"&* ? <,"&* ' <,"&* 4
6%2$  ,-*+$+,-29 @A$+B% C"22+B% D,-81 ;%* 71 $!% 2:##81 B,8$"/%E
@F >G?G' @F >G?G' @F >G?G' @F >G?G' @F >G?G'
6HF I, JK%A$ I, JK%A$ I, JK%A$ I, JK%A$ I, JK%A$
LG>=M I, JK%A$ I, JK%A$ I, JK%A$ I, JK%A$ I, JK%A$
>NL F+/+$"8  :&&%-$ I, JK%A$ I, JK%A$ I, JK%A$ I, JK%A$
H-A&%"2%
?LL F+/+$"8  :&&%-$ I, JK%A$ I, JK%A$ I, JK%A$ I, JK%A$
H-A&%"2%
?'L F+/+$"8 "-* @-"8,/ I, JK%A$ I, JK%A$ I, JK%A$ I, JK%A$
 :&&%-$ H-A&%"2%
'LL @AO:+2+$+,- P"+8 I, JK%A$ I, JK%A$ I, JK%A$ I, JK%A$
4LL @AO:+2+$+,- P"+8 I, JK%A$ I, JK%A$ I, JK%A$ I, JK%A$
=LL @AO:+2+$+,- P"+8 I, JK%A$ I, JK%A$ I, JK%A$ I, JK%A$
2"3#8+-/ #%&+,*2( 0+-/8% JB%-$ 6&"-2+%-$ D0J6E ,- $!% B,8$"/% &%;%&%-A% A+&A:+$ 3"1
"82, &%2:8$ +- " 2%&+%2 ,; Q&,-/ A,-B%&2+,-2( .,&%,B%&R $!% B,8$"/% &%;%&%-A% B"8:%
A"- 7% "K%A$%* 71 6HFR &%2:8$+-/ +- " B,8$"/% *&+;$R $!:2 " A!"-/% ,; $!% -,3+-"8
B"8:% ,; $!% S%"2$ 0+/-+TA"-$ <+$ DS0<E "3#8+$:*%( P+-"881R Q% A,-2+*%&%* 2+-/8%G
%B%-$ 8"$A!G:# "-* #%&;,&3%* %U#%&+3%-$2 $, 2A&%%- ;,& +$R 2+-A% $!% SV &"*+"$+,-
%-B+&,-3%-$ +2 A!"&"A$%&+W%* 71 $!% #&%2%-A% ,; !"*&,-2 "$ !+/! %-%&/1 D:# $, >
X%YE( ZB%& $!% #"2$ 1%"&2R 2%B%&"8 $%A!-+O:%2 !"B% 7%%- %2$"78+2!%* $, *%$%&3+-%
$!% A&,22 2%A$+,- ,; "- @F [44\45]( ^2:"881 $!% *%$"+8%* "&A!+$%A$:&% ,; "  Z60
A,3#,-%-$ +2 -,$ _-,Q-R 2, $!% *%#%-*%-A% ,; $!% 0JJ A&,22 2%A$+,- ,- $!% +-#:$
B,8$"/% A"--,$ 7% %2$+3"$%* " #&+,&+( 6!% A"8A:8"$+,- ,; $!% A&,22 2%A$+,- 2!,:8* 7%
"**&%22%* Q+$! $+3%GB"&+"-$ 2+/-"82 "$ $!% "-"8,/ +-#:$ +; $!% @F +2 :2%* $, "AO:+&%
2:A! " A8"22 ,; 2+/-"82( V,Q%B%&R $!% A,-$+-:,:2 "AO:+2+$+,- ,; " $+3%GB"&+"-$ 2+/-"8
A"- 7% B%&1 *%3"-*+-/ Q!%- $!% 2"3#8+-/ &"$% "-* $!% @F &%2,8:$+,- "&% !+/!(
6!:2R $!% 2+3#8%2$ $%A!-+O:% $, %3:8"$% "- @ +-#:$ B,8$"/% +2 $, %UA+$% $!% *%B+A%
Q+$! *+K%&%-$ F +-#:$ 8%B%82 [44]( P,& " /+B%- +-#:$ 8%B%8R $!% @F ,:$#:$ 3:2$ ;"88
+- " 2#%A+TA &"-/% ,; A,*%2` $!% Q+*$! ,; 2:A! " &"-/% *%#%-*2 ,- $!% $%2$ B%!+A8% -,+2%(
I%B%&$!%8%22R " 0JPH Q!+A! 78,A_2 $!% A,-B%&2+,- ,- $!% %U#%A$%* @F A,*% A,:8*
-,$ 7% *%$%A$%* Q!%- " F 2+/-"8 +2 :2%* "2 $%2$ 2+/-"8( @ 3,&% A,3#8%U 3%$!,* +2
$!% 7%"$ ;&%O:%-A1 $%2$R A,33,-81 :2%* ;,& B%&1 ;"2$ a"2! @F D:# $, X0b2E [4NR4c](
V,Q%B%&R $!+2 $%A!-+O:% 8"2$2 $,, 8,-/ $, 2$+3:8"$% "88 $!% @F A,*%2 +; $!% 2"3#8+-/
&"$% +2 +- $!% ,&*%& ,; !:-*&%*2 ,; _VW "-* $!% @F !"2 !+/! &%2,8:$+,- D3,&% $!"-
>NG7+$E( 6!% $%2$ 3%$!,*,8,/1 #&,#,2%* 71 <%&/ %$ "8( +- [44]R A"88%* dP,:& C,+-$
Q+-*,Q 0A!%3%e DPCER *+K%&2 ;&,3 $!% 7%"$ ;&%O:%-A1 3%$!,*( H$ +2 " *1-"3+A $%2$
Q!+A! %-!"-A%2 $!% ,72%&B"7+8+$1 ,; 0J^2 71 "AO:+&+-/ 4 #,+-$2 ,; " 2+-% Q"B%( 6!+2
$%2$ 3%$!,*,8,/1 A"- 7% :2%* $, *+2A&+3+-"$% $!% *+K%&%-$ ,&+/+-2 ,; $!% 0J^2 D 8,A_
A+&A:+$R 2+/-"8 T8$&"$+,-R %$A(E(
 ! "#$# %&'()* +,&-./0 &11,2&*34 .* 2&'.&/.)* 4*5.2)*64*/1
7,2/8426)249 /84 3)2243/ /41/ 64/8)')-):0 /) &;;-0 &-1) '4;4*'1 )* /84 3)*<
1/2&.*/1 .6;)14' =0 /84 /41/.*: >&3.-./.419 1,38 &1 /84 *).14 -454-9 /84 '.1/&*34 =4/?44*
/84 @45.34 A*'42 B41/ C@ABD &*' /84 /41/ 3)*/2)--429 &*' 1) )*#
B?) 64/8)')-):.41 8&54 =44* ,14' /) +,&-.>0 /84 14-43/4' E<38&**4- F@G ?./8
HF% &238./43/,24# B84 I21/ 64/8)' 3)*1.1/1 .* &;;-0.*: & 3)*1/&*/ .*;,/ 1.:*&- &*'
5&20.*: ./1 5&-,4 &1 & 1/4; >,*3/.)* /) 3)542 '.J424*/ -454-1 )> /84 .*;,/ 2&*:4# B8.1
64/8)' .1 24>4224' 8424&>/42 &1 H/&/.3 K*;,/ H.:*&- CHKHD# B84 5&-.'./0 )> /8.1 64/8)'
8&1 =44* 542.I4' )* & 7-&18 F@G L !M# N4 '454-);4' & 143)*' 64/8)' /8&/ &;;-.41 &
/.64<5&2.&*/ .*;,/ 1.:*&-9 &*' .1 24>4224' /) 8424&>/42 &1 @0*&6.3 K*;,/ H.:*&- C@KHD#
B84 &3+,.1./.)* )> /84 4*/.24 ?&54>)26 3&* ;,/ .* 45.'4*34 /84 1;43.I3 422)2 1.:*&/,249
&1 4O;-&.*4' .* L  M# B84 @0*&6.3 I:,241 )> 642./9 1,38 &1 /84 PJ43/.54 Q,6=42 R>
S./ CPQRSD9 '4I*4' .* /84 1/&*'&2'1 LTUM9 &24 45&-,&/4' 3)*/.*,),1-0 ',2.*: /84 /41/
&*' -.*V4' /) /84 HPA 32)11<143/.)*#
B84 HKH /41/ .1 ;42>)264' =0 >44'.*: /84 F@G ?./8 & @G .*;,/ 5)-/&:4 )* 4&38
38&**4-# B84 64&1,2464*/1 &24 '.5.'4' .* /?) ;8&141W C.D /84 3&-.=2&/.)* &*' C..D
/84 2&'.&/.)* /41/# @,2.*: /84 3&-.=2&/.)*9 /84 /41/42 =)&2' 24/2.4541 &*' 1/)241 /84
6&O.6,6 &*' /84 6.*.6,6 F@G 3)'4 )> 4&38 38&**4- >)2 & :.54* .*;,/ 5)-/&:4#
B8)14 5&-,41 &24 ,14' .* /84 143)*' ;8&14 )> /84 2&'.&/.)* /41/ &1 /82418)-'1 )> &
'4&' =&*'9 ?8.38 .1 *)/ 3)*1.'424' >)2 /84 HPA 3),*/.*:# K> &* F@G 3)'4 >&--1 ),/ )>
/84 /82418)-' 5&-,41 ',2.*: /84 .22&'.&/.)*9 & HPA 8&;;4*4'# B84 ?2)*: F@G 3)'4
&*' ./1 *,6=42 )> )33,224*341 &24 1&54' )* /84 7XYF# B84 *,6=42 )> )33,224*341
'4I*41 /84 /)/&- *,6=42 )> HPA1# B84*9 =0 V*)?.*: /84 &33,6,-&/4' Z,4*34 )>
;&2/.3-419 /84 32)11 143/.)* )> /84 @AB .1 45&-,&/4' ;42 38&**4-# B84 6)*./)2.*: )>
/84 24>424*34 5)-/&:4 .1 *43411&20 .* /84 HKH /41/ 64/8)' .* )2'42 /) 542.>0 /8&/ /84
F@G 3)'41 ?8.38 >&-- ),/ )> /84 '4&' =&*' &24 *)/ 3&,14' =0 /84 '2.>/ )> /84 24>424*34
5)-/&:49 ',4 /) /84 BK@# K* /84 -&//42 3&149 /84 ?2)*: F@G 3)'4 .1 3)*1/&*/ &*' &
*4? 3&-.=2&/.)* .1 24+,.24'# S0 6)*./)2.*: 3,224*/ 3)*1,6;/.)*9 ?4 3&* 3843V >)2
-&/38<,; 454*/1#
B84 @KH /41/ ,141 & 64/2)-):.3&- &;;2)&38 /) 4O/2&;)-&/4 /84 ;&2&64/421 )> /84
F@G '0*&6.3 ;42>)26&*349 1,38 &1 /84 PQRS9 ,*'42 .22&'.&/.)* LTUM# B84 PQRS
.1 & 1.:*.I3&*/ I:,24 )> 642./ >)2 18)?.*: 8)? /84 F@G .1 .6;&3/4' =0 /84 2&'.&/.)*
?84* & /.64 5&2.&*/ 1.:*&-9 *&64-0 & 1.*4 ?&549 .1 &;;-.4'# G)*1.'42.*: & 1.*4 ?&54
)> 1;43.I4' >24+,4*30 &*' &6;-./,'4 &1 .*;,/ 1.:*&-9 /84 PJ43/.54 Q,6=42 R> S./1
)> /84 F@G .1 '4I*4' &1 LTUM W
ENOB = log2
(
Fs
rmsnoise ·
√
12
)
C"#"D
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rmsnoise =
√
√
√
√
1
M
M
∑
n=1
|yn − y′n|2 6'(78
9!%&% :2 +2 $!% ;<== 2>"=% ,; $!% ?@ "-* $!% &32 -,+2% +2 %A#&%22%* B1 $!% '(7
9+$! yn $!% ?@ 2"3#=%2 "-* y
′
n "&% $!% C"=<%2 ,; " 2+-% 9"C% 9!+>! B%2$ D$ $!%
#,+-$2 yn(
:,& $!+2 $%2$E $!% *"$" "&% 2%-$ +- &%"= $+3% $, " F C+" "- G$!%&-%$ >,--%>$+,-(
H!% F 2$,&%2 "== $!% ?@ 2"3#=+-/ >,*%2 "-* >,3#<$%2 $!% 2+-% D$ "=/,&+$!3 +-
&%"= $+3%( H!% C"&+"$+,- ,; $!% GIJK *<&+-/ $!% +&&"*+"$+,- 9+== #%&3+$ $, 3%"2<&%
$!% 0GL >&,22 2%>$+,- "-* $, 2$<*1 !,9 $!% 0GL2 "M%>$ $!% *1-"3+> #%&;,&3"->% ,;
$!% ?@ ( F,22+B=% 0G:NE &%2<=$+-/ +- " 2+/-+D>"-$ "-* 2<**%- *%>&%"2% ,; $!% GIJKE
9,<=* B% *%$%>$%*(
?$ F0NE $!% 0N0 "-* $!% @N0 3%$!,*2 !"C% B%%- <2%*( O+$! $!% 0N0 3%$!,*
$!&%% ?@ >!+#2 9%&% $%2$%* 9+$! " P'5 .%Q #&,$,- B%"3 $, " R<%->% ,; 4 × 1011
#&,$,-2S>3
 
E >,&&%2#,-*+-/ $, " HN@ ,; P5 T&"*60+8( @+M%&%-$ +-#<$ =%C%=2 9%&%
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83(-2+) .6'+ 6< 23+ 2+.2 8())0+/ 61 23+ '6.2 8)0208(7 86'-61+12. 3(=+ 9++1 /0.8&..+/#
>3)++ 2*-+. 6< 90-67() =672(?+ )+?&7(26). 3(=+ 9++1 2+.2+/# >@6 6< 23+' 3(/ 23+
.('+ /+=08+ )+<+)+18+ 9&2 '(/+ 9* /0A+)+12 86'-(10+.# B77 6< 23+' .36@+/ ?66/
)+.&72. /&)01? -)6261. 2+.2C 9&2 @3+1 23+ DEF+G 1+&2)61. 2+.2 @(. 8())0+/ 6&2 61+
6< 23+ 2@6 )+?&7(26) <(07+/ 9+<6)+ 23+ +,-+82+/ H&+18+# I6) 230. )+(.61 23+ .+861/
61+ 3(. 9++1 836.+1 (. ( .&9.202&2+ <6) 23+ J(/F61 /+=+76-'+12# >30. 8(.+ ?0=+. &.
( ?66/ <++/9(8K 23(2 (--7*01? 6&) -6708* <6) )(/0(2061 2+.201? '6.2 6< 23+ -6..097+
<(07&)+ '6/+. <6) 6&) +1=0)61'+12 ()+ .86-+/#
>3+ BL4 @(. (7.6 2+.2+/ @023 -)6261.C 1+&2)61. (1/ @023
 !
46 ?(''(# B 86'E
-7+2+7* 1+@ 2+.2 '+236/676?* 3(. 9++1 /+=+76-+/ <6) 23+ BL4 2+.201?# ;1/++/C 23+
.6 8(77+/ L;% '+236/ @(. /+=+76-+/ 01 6)/+) 26 .2)+.. (77 23+ 86/+. <)6' 23+ BL4
(1/ 9+ 01.+1.020=+ 26 23+ =()0(2061 6< 23+ 012+)1(7 =672(?+ )+<+)+18+# >3+ 61701+ 2+.2
@(. 8())0+/ @023 -)6261. '(017* 26 =+)0<* 23+ %MN (1/ %MO .+1.020=02*# >3+ 2+.2 @023
 !
46 ?(''( @+)+ 8())0+/ 6&2 26 '+(.&)+ 23+ >;LP70<+20'+ (1/ 23+ >;L 9+3(=06&) 6<
23+ '(01 -()('+2+).# >3+ >;LP70<+20'+ <6&1/ <6) 23+ BL4 0. ()6&1/ 5QR S*C 230.
=(7&+ .+2 23+ 70'02 <6) 23+ +120)+ 267+)(18+ 6< 23+ J(/F61#
>3+ ITSB 3(. 9++1 2+.2+/ 9* (1623+) ?)6&- @6)K01? (2 4MJU (1/ 23+ )+.&72.
3(=+ 9++1 )+-6)2+/ (1/ 86''+12+/# I&)23+)'6)+C 23+ ITSB @(. (7.6 2+.2+/ @023
23+ V1(7 V)'@()+ 01 23+ <&77 J(/F61 .*.2+' 2+.2#
;1<(82C 23+ J(/F61 @(. 2+.2+/ @023 ( -)6261 9+(' (1/ @023 23+
 !
46 (1/ 16
0..&+. @+)+ <6&1/ 16) %MN. )+86)/+/# >3+ /+?)(/(2061 6< 23+ -+)<6)'(18+. .2()2+/
26 (--+() ()6&1/ 5 R S*C /&+ 26 23+ BL4 <(07&)+#
>3+ +13(18+'+12 01 23+ )(/0(2061 267+)(18+C (1/ 01 -()208&7()C 6< 23+ >;L 70<+P
20'+C -+)'02. 26 018)+(.+ 23+ FW>F 6< ( <(826) " @023 23+ )+.-+82 26 23+ -)+=06&.
J(/F61 =+).061#
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 !"#$%& '
(")*%$ +,-./%$%&
 !" #$%& '$&()*" $"+'$,(-+ &!" .%" /0 ' 123 ,"4()" '% ' &/&'* (/-(5(-+ ,/%" %"-%/$ 6'%
6$(&&"- (- &!" 789: ;< =/*>"%?3(","* @ABCD E0&"$ 0"6 <"'$%F ' %G')" H.'*(#", $',('&(/-
,/%(>"&"$ ;'%", /- &!" 123 %&$.)&.$" 6'% .%", 0/$ &!" I.$/G"'- )/>>.-()'&(/-
%'&"**(&" J2 3K (- &!" +"/%&'&(/-'$< /$;(& @ALCD M/6','<%F &!" 123 ,/%(>"&$< !'% '
6(," 'GG*()'&(/- #"*,F $'-+(-+ 0$/> &!" >",()'* @A:CF %").$(&< @AAC &/ "-4($/->"-&'*
$',('&(/- >/-(&/$(-+ @ANCD O- &!" *'%& ,")',"F &!" )/>>.-(&< /0 !(+! "-"$+< G!<%()%
"PG"$(>"-&% %&'$&", .%(-+ &!" 123 ,/%(>"&"$ '% G$"0"$$", ,"4()" 0/$ &!"  /&'* O/-?
(5(-+ Q/%" >"'%.$">"-&% @A9CD  !" >'(- &'$+"& /0 &!(% )!'G&"$ (% &/ "PG*'(- &!"
0.-,'>"-&'*% /0 &!" 123 ,/%(>"&$< '-, '-'*<5" &!" )!'$')&"$(5'&(/- G$/)"%% '-,
&!" %(+-(#)'-& $"%.*&% 0/$ &!" R=S "-4($/->"-&D  !" ;'%() G$(-)(G*" /0 123 ,/%(>"?
&$< (% &!'& (/-(5(-+ $',('&(/- &$'-%0"$% "-"$+< &/ %(*()/- ,(/P(," J3(2
 
K '-, '% ' $"%.*&F
&!" >"'%.$">"-& /0 &!(% "-"$+< +(4"% &!" (-0/$>'&(/- /- &!" ';%/$;", ,/%"D T',?
U"&% '$" .%.'**< %(>G*" G?&<G" 123UI % 6(&! ' &!()V +'&" /P(,"D  !" $"+(/- /0
(-&"$"%& 0/$ ,/%(>"&$< (% ;"*/6 &!" +'&" $"+(/- '-, (% >'," /0 %(*()/- ,(/P(," J3(2
 
KD
E% '*$"',< ,(%).%%", (- S!'G&"$ BF &!" (/-(5(-+ $',('&(/- G'%%(-+ &!$/.+! &!" /P(,"
,"G/%(&% "-"$+< '-, )$"'&"% "*")&$/-W!/*" G'($%D Q.$(-+ &!" #$%& G()/X%")/-,% &!"
$',('&(/-X(-,.)", "*")&$/-% '-, !/*"% )'- $")/>;(-"Y &!" 0$')&(/- /0 &!(% $")/>;(-'?
&(/- G$/)"%% ,"G"-,% /- %/>" G'$'>"&"$% %.)! '% &!" (-&"$-'* "*")&$() #"*, '-, /P(,"
&!()V-"%%D E0&"$6'$,%F &!" $',('&(/-X+"-"$'&", "*")&$/-% '$" %6"G& H.()V*< &/6'$,%
&!" +'&" "*")&$/," ;")'.%" /0 &!"($ !(+! >/;(*(&<D  !" !/*"% &!'& "%)'G" &!" $")/>?
;(-'&(/- >/4" %*/6*< 6(&! $"%G")& &/ &!" "*")&$/-% '-, .-,"$+/ ' %&/)!'%&() !/GG(-+
&$'-%G/$& &/6'$,% &!" %(*()/- %.;%&$'&"D Z!"- &!" !/*"% $"')! &!" 3(?3(2
 
(-&"$0')"
%/>" /0 &!"> )'- ;" )'G&.$", ;< &$'GG(-+ %(&"% G$"%"-& %(-)" 0';$()'&(/-D  !"%"
&$'GG", !/*"% $"G$"%"-&% &!" (-0/$>'&(/- /- &!" ';%/$;", ,/%"D O-,"",F &!"< *"', &/
' %!(0& /0 &!" 123UI &!$"%!/*, 4/*&'+" Vth 6!()! )'- ;" "'%(*< >"'%.$",D
T',U"&% 6/$V /- ' ).>.*'&(4" G$(-)(G*"F ;")'.%" &!"< (-&"+$'&" &!" (-0/$>'&(/-
A8
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-3 $!% "4.-&4%* *-.% -5%& $/0%( 6!% %".% -7 &%"*/38 "3* $!% 9-: #-:%& ;-3.<0#$/-3
0"=% /$ .</$"49% 7-& $!% /3$%8&"$/-3 /3 " 0-3/$-&/38 *%5/;% .<;! ". $!% )"*>-3( ?3
$!/. ;!"#$%& $!% #!@./;. 4%!/3* $!% >AB *-./0%$&@ "9-38 :/$! $!% $%;!3/C<% <.%* $-
&%"* $!% *-.% /37-&0"$/-3 7&-0 $!% )"*+%$. -3 $!% )"*>-3 .@.$%0 "&% *%.;&/4%*(
6!% &%.<9$. 7&-0
 !
 - ;"9/4&"$/-3 "&% .!-:3 7-& $!% $:- $@#%. -7 )"*+%$ "3"9@D%* /3
$!/. :-&=E $!% F2230 "3* '2230 $!/;= -G/*%.( 6!% "33%"9/38 4%!"5/-& 7-& %";! $@#%
!". "9.- 4%%3 /35%.$/8"$%* 4%;"<.% /$ #&-*<;%. " 9-.. -7 $!% *-.% /37-&0"$/-3( H"$%& /3
$!% ;!"#$%& :% "9.- .$<*/%* $!% $%0#%&"$<&% ;-%I;/%3$ 5"&/"$/-3 :/$! &%.#%;$ $- $!%
;<0<9"$%* *-.%( +/3"99@J :% %5"9<"$% $!% /..<%. %3;-<3$%&%* /3 $!% *-.% 0%".<&%0%3$.
:/$! $!% )"*+%$. /3 $!% HK 0/G%* L%9* %35/&-0%3$ "3* $!% %M%;$/5%3%.. -7 " 8"00"
;"9/4&"$/-3(
 !" #$% &'()*+,-.
6!% )"*+%$ /. " 4"./;"99@ " #N$@#% >AB+O6 :/$! " $!/;= -G/*%( 6!% #"&$ -7 $!%
PN>AB .%3./$/5% $- /-3/D/38 &"*/"$/-3 /. $!% B/A
"
9"@%&( Q!% &"*/"$/-3 #"..%. $&-<8!
$!% -G/*% $!% %3%&8@ *%#-./$%* 8%3%&"$%. %9%;$&-3R!-9% #"/&.( 6!% %3%&8@ 3%;%.."&@
$- ;&%"$% "3 %9%;$&-3R!-9% #"/& /3 $!% B/A
"
!". 4%%3 /35%.$/8"$%* /3 $!% #".$S /3 $!%/&
/35%.$/8"$/-3 T%3%*%$$- "3* T-%.! 0%".<&%* $!"$ $!% 0/3/0<0 %3%&8@ /. FU ± F
%V WXYZ( [7$%& ;&%"$/-3J $!% %R! #"/&. ;"3 &%;-04/3% /3 " 5%&@ .!-&$ $/0% :/3*-:(
6!/. %G$&%0%9@ .!-&$ $/0% /3 :!/;! $!% &%;-04/3"$/-3 ;"3 $"=% #9";% /. *<% $- $!%
0-4/9/$@ -7 $!% %9%;$&-3. "3* $!% !-9%.( 6!% 0-4/9/$@ -7 %9%;$&-3. /3 B/A
"
/. "&-<3* \2
cm2V −1sec "$ 9-: L%9* "3* "$ &--0 $%0#%&"$<&%J :!/9% "$ " !/8! L%9* $!% %9%;$&-3.
5%9-;/$@ ."$<&"$%. "&-<3* 107 ;0R. WX]Z( 6!% !-9%. 0-4/9/$@ ;"3 5"&@ 7&-0 1 × 10−6
<# $- 1 × 10−10 ;0" V#$ .%; W12Z( 6!<.J 4%/38 $!% !-9%. &%9"$/5%9@ /00-4/9% :/$!
&%.#%;$ $- $!% %9%;$&-3.J $!% /3/$/"9 &%;-04/3"$/-3 #&-;%.. ;"3 !"##%3 -39@ /3 $!% L&.$
#/;-.%;-3*.(
?3/$/"9 &%;-04/3"$/-3 *%#%3*. -3 $!% /3;-0/38 #"&$/;9% %3%&8@ "3* HO6( 6!% $:-
0-*%9. $!"$ *%.;&/4% $!% #&-;%.. -7 &%;-04/3"$/-3 "&% ;"99%* ;-9<03"& "3* 8%0/3"$%
WXZ( 6!% L&.$ /. <.%* :!%3 $!% /3;-0/38 &"*/"$/-3 *%#-./$. %3%&8@ /3 *%3.% ;-9<03.J
:!/9% $!% 8%0/3"$% 0-*%9 /. <.%* $- *%.;&/4% $!% &%;-04/3"$/-3 :!%3 $!% ;!"&8%
#"/&. "&% 7"& "#"&$( Q!%3 */.;<../38 /3/$/"9 &%;-04/3"$/-3 $:- #"&"0%$%&. !"5% $-
4% =3-:3E $!% $!%&0"9/D"$/-3 */.$"3;% r "3* $!% "5%&"8% %R! #"/&. */.$"3;% λ( 6!%
$!%&0"9/D"$/-3 */.$"3;% /3 $!% B/A
"
/. "&-<3* X $- F2 30 :!/9% $!% λ /. /35%&.%9@
#&-#-&$/-3"9 $- $!% HO6 -7 $!% /3;-0/38 #"&$/;9%( ^3-:/38 $!% .$-##/38 #-:%& -7
$!% /3;-0/38 #"&$/;9% "3* $!% 0/3/0<0 %3%&8@ $- ;&%"$% " #"/&J /$ /. #-../49% $-
;"9;<9"$% $!% 9/3% *%3./$@ -7 %9%;$&-3R!-9% #"/&.( A3;% $!% #"/& *%3./$@ /. 7-<3*J $!%
 ! "#!# $%& '()*+,-./
0*)-123, λ *) -4, *25,.), (6 *-# 7(. 1 8(9 ,2,.:/ α ;1.-*38, -4, 15,.1:, ;1*.) 0*)-123, *)
+<34 8,)) -412 -4, -4,.+18*=1-*(2 0*)-123, -4<)> -4, 1))<+;-*(2 (6 1 0,2), 3(8<+2 (6
;1*.) *) )1-*)?,0 120 -4, 3(8<+21. +(0,8 312 @, 1;;8*,0# A(25,.),8/> *6 -4, *23(+*2:
;1.-*38, 41) 1 )+188 BCD> -4, ;1*.) 0*)-123, 9*88 @, 1 613-(. E (6 !F :.,1-,. -412 -4,
-4,.+18*=1-*(2 0*)-123,# G2 -4*) 31),> -4, :,+*21-, +(0,8 312 @, 1;;8*,0# ',);*-,
-4*) 2,- 31-,:(.*=1-*(2> -4,., 1., *2-,.+,0*1-, )*-<1-*(2) *2 94*34 -4, -9( +(0,8) 312
(5,.81;# H ;*3-<., 94*34 )<++1.*=,) -4, 341.:, /*,80 1) 6<23-*(2 (6 -4, ,8,3-.*3 ?,80
6(. 0*I,.,2- -/;,) (6 ;1.-*38,) *) 0,;*3-,0 *2 7*:<., "J! KEL#
7*:<., "J!M A41.:, /*,80 1) 1 6<23-*(2 (6 1;;8*,0 ?,80 6(. ),5,.18 0*I,.,2- -/;,) (6
*23(+*2: .10*1-*(2 KEL#
G- *) *2-,.,)-*2: -( 8((N *2 0,-1*8) 1- 941- 41;;,2) -( -4, 341.:, /*,80 9*-4 ;.(-(2)>
@,31<), 1) 9, 9*88 ),, *2 1 )<33,))*5, ;1.1:.1;4> -4, ;.(-(2) 312 @, <),0 6(. -4,
341.13-,.*=1-*(2 (6 -4, O107,- 1) -4,/ 3(2-.*@<-, 2(-*3,1@8/ 1- -4, );,3-.1 (6 -4,
BPA# &,5,.18 ,Q;,.*+,2-) 415, @,,2 31..*,0 (<- @/ 0*I,.,2- 1<-4(.) (2 -4, 341.:,
/*,80 6(. n 120 p -/;, $%& 0,5*3,) K !R SL> 120 -4, .,)<8-) 415, @,,2 )<++1.*=,0
@/ %8041+ *2 KEL# 7*:<., "JT 0,;*3-) -4, 341.:, /*,80 1) 1 6<23-*(2 (6 -4, *23(+*2:
;.(-(2 ,2,.:/ KEL# D4, :,+*21-, +(0,8 312 1;;8/ 94,2 -4, ,2,.:/ *) 4*:4,. -412 !EF
$,U> 94*8, -4, 3(8<+21. +(0,8 312 @, <),0 -( +(0,8 8(9 ,2,.:/ ;.(-(2) V1.(<20
! $,UW# D4, *2-,.+,0*1-, ,2,.:*,) @,-9,,2 -4,), ,Q-.,+,) )4(9 -41- -4,., *) 2(- 1
 !"#$%& '( )"*+%$ ,-./0%$%& 12
3%$ 4!"35% /3 $!% 6%!"7/-& 6%$8%%3 $!% 5%0/3"$% "3* 4-9:03"& 0-*%9( ;!% .#&%"*
"0-35 $!% 0%".:&%0%3$. /. *:% $- $!% <"4$ $!"$ $!% %=#%&/0%3$. !"7% 6%%3 4"&&/%*
-:$ "$ */>%&%3$ %9%4$&/4 ?%9*.@ 6:$ $!/. *-%. 3-$ "7-/* $- :3*%&9/3% $!% 4!"&5% A/%9*
$&%3* ". <:34$/-3 -< $!% /34-0/35 %3%&5A(
+/5:&% 'B2C  !"&5% A/%9* ". " <:34$/-3 -< $!% #&-$-3 %3%&5A( n "3* p &%<%& $- 3B "3*
#B4!"33%9 $&"3./.$-&.@ &%.#%4$/7%9A DEF(
+-99-8/35 $!% /&&"*/"$/-3 "3* "<$%& $!% ?&.$ #/4-.%4-3*. -< &%4-06/3"$/-3 $!% !-9%.
!"7% $!% $/0% $- 6% $&"3.#-&$%* $!&-:5! $!% -=/*% "3* 6% $&"##%* /3 $!% G/H
 
( ;!%
$%&0 I$&"#J /. 5%3%&"99A :.%* $- 3"0% " 3%:$&"9 *%<%4$ /3 $!% -=/*% $!"$ 4"3 4"#$:&%
!-9%. "3* &%$"/3 $!%0 <-& " 4%&$"/3 "0-:3$ -< $/0%( ;!% 9-4"$/-3 -< $!% K-44:#/%*L
!-9% $&"#. *%#%3*. -3 $!% 6/"./35 4-3*/$/-3 -< $!% MHG .$&:4$:&%( N3*%& " #-./$/7%
6/". 0-.$ -< $!% 4!"&5% /. 8/$!/3 " <%8 3"3-0%$%&. K ∼E 30L <&-0 $!% G/OG/H
 
/3$%&<"4%
8!/9% :3*%& 3%5"$/7% 6/". 0-.$ -< $!% 4!"&5%. "&% $&"##%* 3%"& $!% 5"$% %9%4$&-*% DPQF(
)%"4$/-3. 6%$8%%3 !-9%. "3* !A*&-5%3R4-3$"/3/35 *%<%4$. -& *-#"3$ 4-0#9%=%.
4"3 "9.- 9%"* $- $!% <-&0"$/-3 -< " .%4-3* $A#% -< /-3/S"$/-3 *%<%4$C $!% /3$%&<"4%
$&"# KNitL( T3$%&<"4% $&"#. %=/.$ 8/$!/3 $!% ./9/4-3 6"3* 5"# "$ $!% /3$%&<"4% 8/$!
$!% G/H
 
( U%4":.% -< $!%/& 9-4"$/-3 "$ $!% /3$%&<"4%@ $!% 4!"&5% -< "3 /3$%&<"4% $&"#
4"3 6% 4!"35%* %"./9A 6A "##9A/35 "3 %=$%&3"9 6/".( T3$%&<"4% $&"#. 4"3 6% #-./$/7%@
3%:$&"9@ -& 3%5"$/7%( ;&"#. /3 $!% 9-8%& #-&$/-3 -< $!% 6"3* 5"# "&% #&%*-0/3"3$9A
*-3-&.@ /(%(@ /< $!% +%&0/ 9%7%9 "$ $!% /3$%&<"4% /. 6%9-8 $!% $&"# %3%&5A 9%7%9@ $!% $&"#
I*-3"$%.J "3 %9%4$&-3 $- $!% ./9/4-3( T3 $!/. 4".%@ $!% $&"# /. #-./$/7%9A 4!"&5%*( VB
4!"33%9 $&"3./.$-&. "&% ">%4$%* #&/0"&/9A 6A /3$%&<"4% $&"#. /3 $!% 9-8%& &%5/-3 -< $!%
6"3* 5"#( ;!%&%<-&%@ <-& " #B4!"33%9 $&"3./.$-&@ /3$%&<"4% $&"#. "&% #&%*-0/3"3$9A
 ! "#$# %&' ()*+,-./0
1)*+.+2-3 456*+78 7-85.+2- .9/-*9):;<2):.58- *9+=.*# >7.-/=54-?./51 @6+:;61 )446/* )7
,649 *:)A-/ .+,- =/5,-* .957 )B+;-<./51 495/8- @6+:;61# C7:+D- )B+;-<./51 495/8-3
+7.-/=54-<./51 495/8- ;)-* 7). 577-5: 5. /)), .-,1-/5.6/-#
E9- ∆Vot,it .95. /-*6:.* =/), .9- ./511-; 9):-* 57; =/), .9- +7.-/=54- ./51* +*
8+2-7 @0
∆Vot,it =
∆Qot,it
Cox
=
∆Qot,it · tox
ǫox
F"#$G
Qit 457 @- A/+..-7 5*
∆Qit =
q
tox
∫ tox
0
ρ(x)x · dx F"#HG
A9-/- ρ(x) +* .9- 495/8- ;+*./+@6.+)7 )= /5;+5.+)7?+7;64-; +7.-/=54- ./51# Qot 457 @-
-B1/-**-; 5*I
∆Qot =
q
tox
∫ tox
0
nht(x)x · dx F"#!G
E9- .-/, nht +* .9- ;-7*+.0 )= ./511-; 9):-* .95. A- 457 *+,1:+=0 5**6,+78 .95. .9-
495/8-* 5/- :)45.-; 5. 5 ;+*.574- tox =/), .9- '+J'+& +7.-/=54- 57; .9-0 5/- 67+=)/,:0
;+*./+@6.-; KL$M# E9- -N65.+)7 F"#$G 457 @- /-A/+..-7 5* +7 -N65.+)7 F"#"G#
∆Vot(Fi, En) =
q
ǫox
· g0 · fy(Fi, En) · ft(Fi) · t2ox ·D F"#"G
A9-/- g0 +* .9- +7+.+5: 495/8- 8-7-/5.+)7 =54.)/3 ( +* .9- ;)*- 57; fy +* .9- +7+.+5:
/-4),@+75.+)7 495/8- 0+-:; .95. ;-1-7;* )7 .9- -:-4./+4 O-:; Fi 57; )7 .9- .9- -7-/80
En 57; .01- )= .9- +74),+78 15/.+4:-*# E9- .-/, ft A-+89* .9- =/54.+)7 )= 9):-* .95.
5/- ./511-;# E9- 25/+5.+)7 )= 2):.58- ;6- .) .9- 9):- ./511+78 1/)4-** 57; .) .9-
+7.-/=54- ./51* 49578-* .9- .9/-*9):; 2):.58- )= .9- %&' *./64.6/- +//5;+5.-;# >7;--;3
.9- 25/+5.+)7 )= 2):.58- .9/-*9):; 457 @- /-A/+..-7 5*I
∆Vth = ∆Vot +∆Vit F"#PG
Q))D+78 5. -N65.+)7 F"#"G 57; F"#PG A- 457 +;-7.+=0 .9- D-0 15/5,-.-/* .95. .9-
6*-/ 7--;* .) 49)*- +7 )/;-/ .) +74/-5*- .9- *-7*+.+2+.03 -B1/-**-; 5* .9- 25/+5.+)7 )=
.9- 2):.58- *9+=. A+.9 /-*1-4. .) .9- ;)*- /-4-+2-;# E9- .9+4D7-** )= .9- )B+;- +* .9-
,)*. +,1)/.57. 15/5,-.-/3 57; 5 .9+4D-/ )B+;- -B9+@+.* 9+89-/ *-7*+.+2+.0# &7 .9-
).9-/ 957; +74/-5*+78 .9- .9+4D7-** )= .9- )B+;- 6*65::0 ,-57* ;-4/-5*+78 .9- -:-4./+4
O-:; 57; .9+*3 +7 .6/73 ,-57* 5 49578- +7 .9- .-/,* fy 57; ft#
 !"#$%& '( )"*+%$ ,-./0%$%& 1'
 !"!" #$$%&'($) *+ ,-% ./(0% 12&34
2!% "33%"4/35 -6 &"*/"$/-37/3*89%* $&"##%* !-4%. /3 :/;
 
/. " 4-357$%&0 #&-9%.. $!"$
/. .$&-354< *%#%3*%3$ -3 $!% $%0#%&"$8&% "3* "##4/%* %4%9$&/9 =%4*( >33%"4/35 9"3
#&-9%%* ?< %/$!%& -6 $@- #&-9%..%.A $833%4/35 -& $!%&0"4 %B9/$"$/-3( 2!% $833%4/35
#&-9%.. !". ?%%3 @/*%4< .$8*/%* /3 CDE7D'FA @!/4% $!% $!%&0"4 %B9/$"$/-3 /3 CDGA D1F(
>$ -& 3%"& &--0 $%0#%&"$8&%A $833%4/35 /. $!% *-0/3"3$ 0%9!"3/.A @!/4.$ /6 $!%
$%0#%&"$8&% /. &"/.%* %3-85!A $!%3 $!% $!%&0"4 #&-9%.. @/44 %H%3$8"44< *-0/3"$%(
2!% $833%4/35 #&-9%.. /. /448.$&"$%* /3 +/58&% 'IJ( 2!% $833%4/35 #&-?"?/4/$< /.
"3 %B#-3%3$/"4 6839$/-3 -6 */.$"39%( +-& $!/. &%".-3A $&"#. 3%"& $!% /3$%&6"9% @/44 ?%
3%8$&"4/K%* H%&< L8/9M4<A ?8$ $&"#. 6"&$!%& 6&-0 $!% /3$%&6"9% @/44 ?% "33%"4%* 4"$%&(
N% 9"3 /0"5/3% ". $!%&% /. "3 "##"&%3$ $833%4/35 6&-3$A @!%&% $&"#. $- $!% 4%6$ -6 $!%
H%&$/9"4 6&-3$ /3 +/58&% 'IJ !"H% ?%%3 9-0#%3."$%* -& "33!%"4%*A @!/4% $!-.% $- $!%
&/5!$ !"H% 3-$( O$ /. #-../?4% $- /3948*% "4.- $!% $!%&0"4 "33%"4/35 #&-9%..A @/$! $!%
$&"# %3%&5< 4%H%4 */.$&/?8$/-3 .!-@3 /3 +/58&% 'IJ( 2!% &%.84$ -6 $!% $@- #&-9%..%. /.
" 4-5"&/$!0/9 "33%"4/35 98&H%(
+/58&% 'IJP >33%"4/35 *8% $- 9-0?/3%* $833%4/35 "3* $!%&0"4 "33%"4/35 CDDF(
 !"!5 6&07%, 2%&0*8,
2!% +/58&% 'I' .!-@. $!% /&&"*/"$/-3 "3* $!% 0%".8&%0%3$ 9/&98/$.( ,8&/35 $!% /&&"I
*/"$/-3A $!% 5"$% #/3 9"3 %/$!%& ?% 5&-83*%* ". /3 +/58&% 'I'(" -& 6-&9%* $- " #-$%3$/"4
 ! "#$# %&' ()*+,-./0
1* +2 3+45/- "6"#7# 89- 3+45/- "6" *9):* .9- +//1;+1.+)2 12; .9- ,-1*5/-,-2. <+/6
<5+.*# (5/+24 .9- +//1;+1.+)2= .9- 41.- >+2 <12 -+.9-/ 7- 4/)52;-; 1* +2 3+45/- "6"#1
)/ ?)/<-; .) 1 >).-2.+1@ 1* +2 3+45/- "6"#7#
3+45/- "6"A B1;3-. /-1;+24 <+/<5+. 1CD-/) 7+1* <)2;+.+)2 ;5/+24 +//1;+1.+)2 7CE+1*
F)@.14- G4 1>>@+-; .) .9- 41.- ;5/+24 +//1;+1.+)2 <C H5//-2. >5@*- +2I-<.+)2 ;5/+24
.9- /-1;+24#
J9-2 1 B1;3-. 91* .) 7- /-1;= 1 <5//-2. >5@*- +* +2I-<.-; ?/), .9- *)5/<- 70
,-12* )? 1 <5//-2. 4-2-/1.)/ K3+45/- "6"#<C# L2 )/;-/ .) )>-/1.- +2 *1.5/1.+)2 ,);-=
:9-/- .9- /-@1.+)2 7-.:--2 .9- *M51/- /)). )? .9- ;/1+2 <5//-2. 12; .9- 41.- F)@.14-
+* @+2-1/ 12; 521N-<.-; 70 41.-O;/1+2 7+1* F)@.14-= .9- 41.- +* <)22-<.-; .) +.* ;/1+2#
89+* <)2P45/1.+)2 +* <1@@-; Q;+);- <)22-<.+)2R 12; .9- -M51.+)2 .91. @+2S* .9- ;/1+2
<5//-2. KIdC :+.9 .9- 41.- *)5/<- >).-2.+1@ KVsgC +*A
Id =
1
2
W
L
µpCox (Vsg − |Vtp|)2 K"# C
J9-/- Vtp +* .9- .9/-*9)@; F)@.14-= W 12; L 1/- .9- :+;.9 12; .9- @-24.9 /-*>-<.+F-@0
)? .9- %&'= µp +* .9- 9)@-* ,)7+@+.0 12; Cox +* .9- )T+;- <1>1<+.12<- >-/ 52+. 1/-1#
89- )5.>5. >).-2.+1@ Vout <12 7- -T>/-**-; 1*A
Vout = Vsg = |Vtp|+
√
Id
1
2
W
L
µpCox
K"#UC
V* *9):2 +2 .9- -M51.+)2 "#U .9- >).-2.+1@ /-1; )2 .9- *)5/<- +* @+2S-; .) .9- .9/-*9)@;
F)@.14-= 75. .9-/- +* 1@*) 1 >1/. .91. ;->-2;* )2 .9- /-1;+24 <5//-2.# H)2*+;-/+24
.91. .9- *1,- <5//-2. Id +* +2I-<.-; +2 ?)/ .9- /-1;+24 12; <)2*+;-/+24 12 +//1;+1.+)2
>91*- 7-.:--2 .:) *5<<-**+F- /-1;+24*= .9-2 .9- ;+N-/-2<- )? .9- .:) ,-1*5/-; Vsg
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2/33 4%5
∆Vsg = Vsg1 − Vsg2 = |Vtp1| − |Vtp2| 6'(78
9!:.; $!% */<%&%=>% 4%$2%%= $2- &%"*/=?. 6Vsg1 "=* Vsg28 /. " */&%>$ 0%".:&% -@ $!%
.!/@$ -@ $!% )"*+%$ A-3$"?% $!&%.!-3*( 9!% >!"=?% -@ $!% ∆Vsg "$ */<%&%=$ *-.% 3%A%3.
/. " */&%>$ &%#&%.%=$"$/-= -@ $!% .!/@$ /= $!&%.!-3* A-3$"?%; "33-2/=? "= %".B &%"* -:$
-@ $!% *-.% 3%A%3(
CD:"$/-= '(7 *-%. =-$ *%#%=* -= $!% /=E%>$%* >:&&%=$F =%A%&$!%3%.. ?&%"$ >"&%
.!-:3* 4% $"G%= /= $!% >!-/>% -@ $!% &%"*-:$ >:&&%=$( H=*%%*; $!% Vth >!"=?%. 2/$!
$!% $%0#%&"$:&% I1J( K=B >!"=?% -@ $!% $!&%.!-3* A-3$"?% >"= 4% *:% $- /&&"*/"$/-=
"=* $%0#%&"$:&% A"&/"$/-=.( 9- &%*:>% $!% %<%>$ -@ $!% $%0#%&"$:&% -= $!% )"*+C9
$!&%.!-3* A-3$"?%; $!% &%"*-:$ >:&&%=$ /. .%$ "$ $!% A"3:% 2!%&% $!% A"&/"$/-= -@ Vth
/. %L#%>$%* $- 4% $!% 0/=/0:0; /(%( 2!%&% $!% 9%0#%&"$:&%  -%M>/%=$ Tc = dV
dT
/.
N%&-( 9!/. #-/=$ /. >"33%* $!% O9 #-/=$(
P!%= $!% #:3.% -@ >:&&%=$ /. /=E%>$%* " A-3$"?% -A%&.!--$ >"= !"##%=( Q-&%-A%&;
" *%#%=*%=>B -@ $!% )"*+%$ A-3$"?% &/.% $/0% 2/$! $!% *-.% !". 4%%= -4.%&A%* /= $!%
#".$( R%=>%; $- "A-/* $!%.% %<%>$. $!% 0%".:&%0%=$ -@ $!% .-:&>% #-$%=$/"3 /. >"&&/%*
-:$ "@$%& ST 0. @&-0 $!% #:3.% /=E%>$/-=( 9!/. 2/33 "..:&% $!"$ $!% -:$#:$ ./?="3 /.
>-&&%>$3B &%>-&*%* 4B $!% K, ( 9!% $B#/>"3 #&-$->-3 @-33-2%* $- &%"* $!% )"*+%$ /.
*%#/>$%* /= +/?:&% 'UT(
+/?:&% 'UT5 9B#/>"3 #&-$->-3 @-& $!% )"*+%$ 0%".:&%0%=$(
K. "3&%"*B 0%=$/-=%* $!% )"*+%$ 4/"./=? >-=*/$/-= /. " 2"B $!% %=*V:.%& !". $-
/=>&%".% $!% .%=./$/A/$B -@ $!% .%=.-&( H= :=4/".%* 0-*% $!% )"*+%$ /. 3%@$ 2/$! $!%
.-:&>%; *&"/=; 4-*B "=* ?"$% >-==%>$%* $- $!% ."0% #-$%=$/"3 6:.:"33B ?&-:=*8( 9!/.
 ! "#$# %&'()* +,&-&.*)-/0&*/12
.12'/*/12 /3 43)' 5,)2 *,) 3)23/*/6/*7 .&2 8) 3&.-/9.)' :1- & ;&-<) '72&=/. -&2<)# >,)
3)231- .&2 -)&., ,/<, '13)3 5/*,14* & ,4<) /2.-)&3) 1: *,) Vsg 5,/., .&2 3&*4-&*)
*,) -)&'14* );).*-12/.3# ?3 '/3.433)' 8):1-)@ 8)/2< *,) .,&-<) 7/);' A*,) *)-= fy /2
)B4&*/12 A"#"C C 3*-12<;7 ')D)2')2* 12 *,) );).*-/. 9);' /2 *,) 1E/')@ &* 0)-1 8/&3
*,) 12;7 );).*-/. 9);' D-)3)2* /3 *,) 12) ')-/6)' :-1= *,) 51-F :42.*/12 D1*)2*/&; G H#
>,43@ 8)/2< *,) );).*-/. 9);' ;15@ *,) 3)23/*/6/*7 1: *,) '13/=)*)- /3 ;15 *11# I2 1-')-
*1 /=D-16) *,) 3)23/*/6/*7@ &2 );).*-/. 9);' .&2 8) &DD;/)' '4-/2< /--&'/&*/12# >,/3
9);' /=D-16)3 *,) .,&-<) 7/);' :1- *,) 3&=) '13) ;)6);3#
 !" #$%&'( )*$+$,('+-.$(-/0
>,) .&;/8-&*/12 1: *,) %&'()*3 /3 &2 /=D1-*&2* 3*)D *1 :1;;15 /2 1-')- *1 ,&6) -);/&8;)
=)&34-)=)2*3# J34&;;7 5,)2 & 2)5 8&*., 1: 3)231-3 /3 814<,* & .&;/8-&*/12 /3 2))')'
*1 &33)3 *,) 3)23/*/6/*7 &2' *,) 3&=D;)K*1K3&=D;) 3D-)&'# >,) :&.*1-3 *1 *&F) /2
.123/')-&*/12 '4-/2< *,) .&;/8-&*/12 D;&22/2< &-) =4;*/D;)@ 31=) 1: *,)= &-) -);&*)'
*1 *,) '/L)-)2* )26/-12=)2*3 *,&* *,) 3)231- 5/;; )2.142*)- '4-/2< /*3 51-F /2 *,)
MN+@ 1*,)-3@ /23*)&'@ &-) -);&*)' *1 );).*-/.&; .12'/*/123#
>,) -):)-)2.) .&;/8-&*/12 /3 D)-:1-=)' 5/*, &
 !
+1 <&==& /--&'/&*/12# O)D)2'/2<
12 *,) %&'()* *7D)@ '/L)-)2* '13) -&*)3 &2' '/L)-)2* >IO *&-<)* &-) 3);).*)' *1
.,&-&.*)-/0) *,) 3)231-3# ? *)3* 5/*, D-1*123 /3 &;31 -).1==)2')' 3/2.)@ &3 /* 5/;;
8) 3,152@ *,) /2.1=/2< D&-*/.;) )2)-<7 .&2 ,&6) &2 /=D&.* 12 *,) 3)23/*/6/*7 1: *,)
3)231-3# >,) );).*-12/.3 .12'/*/123 .12.)-2 *,) &DD;/)' <&*) 8/&3@ *,) .4--)2* /2P).*)'
:1- *,) -)&'/2< &2' *,) -)&' */=/2<#
O4-/2< 3)6)-&; 7)&-3 5) *-/)' *1 3.1D) *,) 8)3* 31;4*/12 :1- *,) %&'Q12 &2'
*,) =&/2 -)34;*3 &-) -)D1-*)' /2 *,) :1;;15/2< D&-&<-&D,# >,) *)3*)' %&'()*3 .1=)
:-1= 12) =&24:&.*4-)- RQ%+# >,) RQ%+ %&'()* .,/D .12*&/23 *51 QST(U>3
5/*, & '/L)-)2* &3D).* -&*/1 :1- *,) <&*) &-)&@ 12) /3 300 × 50µm &2' *,) 3).12' /3
690× 15µm G!VHW /2 *,/3 51-F 5) *)3*)' 12;7 *,) 300× 50µm # >,) RQ%+ %&'()*3
&-) &6&/;&8;) 5/*, '/L)-)2* 1E/') *,/.F2)33)3@ &2' *,) 12)3 *)3*)' :1- *,) %&'Q12
D-1P).*3 &-) & XYY 2= 42/=D;&2*)' %&'()* &2' & "YY 2= /=D;&2*)' %&'()*# >,)
"YY 2= /3 /=D;&2*)' 5/*, 81-12 *1 -)'4.) *,) D-)K/--&'/&*/12 61;*&<) *,-)3,1;'@ 5,/.,
1*,)-5/3) 514;' ,&6) & ,/<, 6&;4) '4) *1 *,) *,/.F 1E/') <-15*,# I* ,&3 8))2 3,152
*,&* '4) *1 *,) .-)&*/12 1: &''/*/12&; '):).*3 /2 *,) 1E/') .&43)' 87 *,) /=D;&2*&*/12
D-1.)33@ *,) 3)23/*/6/*7 1: *,) "YY2= /=D;&2*)' %&'()*3 /3 )2,&2.)' 5/*, *,) -)3D).*
*1 *,) 42K/=D;&2*)' 12) G!ZH# >,) RQ%+ %&'()*3 &-) )2.&D34;&*)' /2 & O4&; I2
M/2) AOIM[X"C .)-&=/. D&.F&<) 5/*, & F16&- ;/'#
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 !"
 !
#$ %&'()*&+($, -.. ,/
3!%
 !
 - 4"00" /&&"*/"$/-5 .-6&7% 8". 6.%* $- 7"9/:&"$% $!% )"*+%$( 3!% #"&"0%$%&.
$- .%9%7$ /5 " 4"00" 7"9/:&"$/-5 "&% $!% *-.% &"$% "5* $!% ;5"9 *-.% $- &%"7!( <5 3":9%
'(= $!% /&&"*/"$/-5 7-5*/$/-5. >-& $!% 7"9/:&"$/-5 &65. "&% &%#-&$%*(
3":9% '(=? )"*+%$ /&&"*/"$/-5 7-5*/$/-5. >-& .%@%&"9
 !
 - &65.
"#$ %&'( )*+( ,-./01 %&'( ,-.1 2))*34*+4&$ 5(67
◦
8
= = AB=AA C/".%* DEF GE
H = AB=AA C/".%*BIJ, 'A
' = AB=AA C/".%*BIJ, GE
E EA AB=AAA C/".%* DEF GE
1 EA AB=AAA C/".%* IJ, GE
=A EA AB=AAAA C/".%*BIJ, 'A
== EA AB=AAAA C/".%* DEF 'A
K% 8/99 7-0#"&% ;&.$ $!% $8- &65. "$ = ILM! N&65 = "5* HO( <5 &65 =P $!% )"*+%$.
!"* " 4"$% :/". -> DE F 8!/9% /5 &65 H $!% 4"$%. 8%&% :/".%* $- IJ,( +&-0 $!% +/46&%
'B1 $!% "@%&"4% &%.#-5.%. -> $!% $!&%% .%5.-&. "&% #9-$$%* 8/$! 9/5%"& ;$.( 3!% &%.#-5.%
-> $!% )"*+%$ =AA 50 /. 9/5%"& 6# $- =AA IL &%4"&*9%.. $!% :/"./54 7-5*/$/-5( 3!%
:/"./54 "$ DE F #%&0/$. $- /57&%".% $!% .%5./$/@/$L -> " >"7$-& H 8/$! &%.#%7$ $- $!%
IJ, 7-5*/$/-5(
)65 G /. 7"&&/%* -6$ $- @%&/>L " #-../:9% */Q%&%57% /5 $!% =AA50 )"*+%$ &%.#-5.%
/> $!% $%0#%&"$6&% /. .%$ "$ 'A
◦
 ( R. /$ /. .!-85 /5 +/46&% 'BSP $!% */Q%&%57% :%$8%%5
$!% 7"9/:&"$/-5 76&@%. "$ GE
◦
 "5* 'A
◦
 /. "&-65* =T( 3!/. $%.$ 8". *-5% $-
"..6&% $!"$ $!% .%5.-& 7"9/:&"$/-5 76&@% *-%. 5-$ 7!"54% 8/$! $!% ":.-96$% @"96% ->
$!% $%0#%&"6$&% 8!/7! 8/99 :% "&-65* GE "5* 'A
◦
 -5 $!% *%#-&$%* 0-*69% "5* $!%
0"/5 :-"&* -> $!% )"*U-5 &%.#%7$/@%9L NV%%  !"#$%& HO( 3!% *-.% &"$% *%#%5*%57L
!". :%%5 "9.- "..%..%* >-& $!% =AA 50 6# $- =AA IL( 3!% *-.% 7-0#"&%* "&% = ILM!
"5* EA ILM! >-& :-$! $!% :/"./54 7-5;46&"$/-5. N.%% 3":9% '(GO( 3!% *-.% &"$% %Q%7$
:&/54. " !/4!%& */Q%&%57% /5 $!% 4&-65* :/"./54 7-5*/$/-5W 5%@%&$!%9%.. $!% */Q%&%57%
/. 9%.. $!%5 =AT >-& :-$! :/".%.(
3":9% '(G? ,-.% )"$% *%#%5*%57L
%&'( )*+( 94*' 5(67()*+#)(
34:()($;(
<)+ = -./0> 52% ,-.1
= B EA ILM! DEF GE  BE(H =AA
= B EA ILM! IJ, GE  B2(H =AA
 ! "#$#
 !
%& '()*+,(-*&. /00 .1
2*34,5 "6 7 895,(35 ,5:;&.:5 &< -=,55 >(?25-: <&, (
 !
%& *,,(?*(-*&.# @A& +*(:*.3
'&.?*-*&.: =(95 +55. -5:-5?7 BC D (.? EFG# @=5 ,5:;&.:5 &< +&-= -=5 '&.H34,(-*&.:
*: )*.5(, 4; -& /00 EI# @=5 5,,&, +(,: (,5 -=5 :-(.?(,? ?59*(-*&. '()'4)(-5? &. -=5
-=,55 :(1;)5:#
>4. C (.?  (,5 '(,,*5? &4- -& &+-(*. -=5 '()*+,(-*&. 4; -& /000 EI# @=*: *: 4:5<4)
*. J&.5 A=5,5 -=5 ?&:5 ,(-5 *: ,5)(-*95)I =*3= &, *< -=5 :(15 >(?25- =(: -& +5 4:5?
:595,() -*15:# @=5 2*34,5 "6K ?5;*'-: -=5 (95,(35 &< -=5 ,5:;&.:5 &< -A& :5.:&,: <&,
+&-= +*(: '&.H34,(-*&.:# @=5 )*.5(,*-I *: .&- :(-*:H5? (.I1&,5 (.? ( ;&A5, )(A H-
=(: -& +5 4:5?# @=5 ;(,(15-5,: a (.? b &< 5L4(-*&. "#! (,5 ,5;&,-5? *. 2*34,5 "6K
<&, -=5 BC D (.? EFG +*(: '&.?*-*&.:# M. &,?5, -& 59()4(-5 -=5 3&&?.5:: (.? -=5
4:(+*)*-I &< -=5 H-: A5 ,5;&,-5? -=5 1(N*141 5,,&, +5-A55. -=5 15(:4,515.-: (.?
-=5 H- *. @(+)5 "#$# @=5 1(N*141 5,,&, '&11*--5? *: (,&4.? OP#
∆Vth = a ·Doseb Q"#!R
@(+)5 "#$7 S&A5, H- 1(N*141 5,,&,# @=5 5,,&, &. -=5 ?&:5 *: 5N;,5::5? (: (. (+:&)4-5
9()45 (.? (: ( ;5,'5.-(35 A*-= -=5 ,5:;5'- -& -=5 ?&:5 15(:4,5?#
 !"# $%&'" (') *(+ ,--.- */0+ ,--.- *1+
EFG 0#C 6$/ 6 # 
BCD T#! 6$" 6 
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+/34&% '516 7%&8%9$"3% */:%&%98% ;%$<%%9 $!% &%.#-9.% -= $!% )"+%$ /&&"*/"$%* "$ >?
◦
 "9* "$ '2
◦
 (
+/34&% '5@6 )"*+%$ A22 90 "B%&"3% &%.#-9.% 4# $- A CDE( F!% $<- ;/"./93 8-9*/$/-9.
!"B% ;%%9 G$$%* </$! " #-<%& H"<(
 ! "#$#
 !
%& '()*+,(-*&. !// .0
1. -23 4(56&. &73,(-*&. -23 '()*+,(-*&. '8,93: (,3 8:35 (: ( )&&; 87 -(+)3 <*-2&8-
(.= 0&5*>'(-*&.# ?23 >-: '(. +3 8:3@8) -& '&07(,3 -23 :3.:*-*9*-= &@ 5*A3,3.- -=73:
&@ 4(5B3-:# 1. -23 ?(+)3 "#" -23 >-: @&, -23 !//.0 (.5 -23*, 9()*5*-= *. -3,0: &@ 5&:3
(,3 ,37&,-35#
?(+)3 "#"C D800(,= &@ -23 >--*.E 3F8(-*&.: (.5 -23*, 9()*5*-= @&, -23 !// .0#
 !"# $"%!&!'( )!*+", -' ./0+, -'
!//.0
GHI /J!// KG=L y[mV ] = 1.84D[Gy]
MN /J!// KG=L y[mV ] = 5.59D[Gy]
GHI /J!/// KG=L y[V ] = 4e− 3D[Gy]0.775
MN /J!/// KG=L y[V ] = 1e− 2D[Gy]0.884
?23 4(5B3- !//.0 +*(:35 GHI 2(: ( :3.:*-*9*-= &@ !#O" 0N 73, G=P <2*)3 -23
:3.:*-*9*-= *.',3(:3: &@ (,&8.5 ( @('-&, $ <*-2 ( M N +*(: &. -23 E(-3# Q: (),3(5=
03.-*&.35 *. -23 7,39*&8: '2(7-3,P -23 ,3:&)8-*&. &@ -23 4(56&. *. -3,0: &@ ?1I *:
,3)(-35 -& -23 3)3'-,&.*':# 1.5335P -23 03(:8,303.- ,3:&)8-*&. '2(.E3: *@ <3 8:3 ( !R
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?(+)3 "#MC %&07(,*:&. &@ -23 0*.*080 5&:3 ,3:&)8-*&. ('2*39(+)3 <*-2 ( !//.0 8:*.E
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 !"!# $%%&'()%*
?23 03(:8,303.-: &@ -23 (..3()*.E *: (.&-23, *07&,-(.- -(:; -& 73,@&,0 +3'(8:3
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DJ, :AB: y[mV ] = 38.2D[Gy]
HI :AB: y[mV ] = 128.2D[Gy]
DJ, :AEH:: D< y[V ] = 0.3D[Gy]0.43
HI :AB::: D< y[V ] = 0.83D[Gy]0.58
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N( *%"A [ Y"$" $&"60B%& ; " &%"A /0 A.6% "6A $!% 3\]+ /0 /6 7!"&<% .B &%"A/6<
$!% )2ZV ,LZV "6A )L B.& %"7! -%-.&D =.&A( Q=. C"&/"6$0 %^/0$ B.& $!% Y"$"
$&"60B%& R_.FY5-#S "6A RY5-#`S(
O( K6/$ ,%-.&D; $!% -%-.&D /0 /6/$/"4/>%A $. $!% </C%6 G/$ #"$$%&6(
 ! "#$# %&'( )&(*+ ,-. +/01&.*/&
"# %2& +/01&'' 3' /&'(,/(&. 4/05 (2& '(&+ 6!7#
%80 9,/3,-(' 04 (23' (&'( 5&(20. &:3'(; 0-& 3' 1,<<&. =>0 ?*5+@ ,-. (2& 0(2&/ 0-&
=?*5+@# %2& (80 9,/3,-(' .3A&/ &,12 0(2&/ B&1,*'& (2& C/'( D*'( /&+0/(' (2& -*5B&/
04 )EF'; GHF' ,-. )(*1I B3('; 823<& (2& =?*5+@ 50.& (/,-'4&/' (2& ,../&''&' ,-.
80/.' 0- 82312 , )EF 0/ GHF 2,++&-'# %2& 9,/3,-(' .3A&/' &,12 0(2&/ 0-<J 3-
(2& =K/01&''3-L@ '(&+ .&+31(&. 3- M3L*/& "NO#, # )3-1&; (2& (/,-'4&/ 04 (2& ,../&''&'
,-. 80/.' 3' +&/40/5&. .*/3-L (2& 3//,.3,(30- ,-. -0 0+&/,(30-' 1,- B& .0-& 3- (2&
5&,-(35&; (2& (35& B&(8&&- (2& /&,. ,-. (2& -&:( 3-3(3,<3P,(30- 3' 1,<<&. .&,.Q(35&
B&1,*'& ,-J )EF 2,++&-3-L 3- (23' +2,'& 3' -0( 10*-(&.#
E9&- 34 (23' (J+& 04 /&,.3-L 5&(20. 8,' -0( *'&. 40/ (2& 1,<3B/,(30-; B&1,*'& 3(
3-(/0.*1&' ,- *-1&/(,3-(J .*& (0 (2& .&,.Q(35&; 3( 3' 2&/& ,-,<JP&. '3-1& '05& &,/<J
(&'(' 2,9& B&&- 1,//3&. 83(2 (23' 5&(20. 0- (2& RJ+/&'' 5&50/J# S&/& 8& 8,-( (0
,-,<JP& (2& 35+,1( 04 (2& .&,. (35& 0- (2& 1/0'' '&1(30- &9,<*,(30-# M0/ &,12 TU B3(
<3-& 3- 4,*<( '(,(&; 3#&# (2& 12&1I 83(2 (2& &:+&1(&. +,((&/- 4,3<'; (2& ,../&'' 6!$ B3(7
,-. (2& .,(, 6TU B3(7 ,/& (/,-'4&//&. (0 (2& KR 09&/ , '&/3,< +0/( ,( , '+&&. 04 "V
IB+' 0/ TTO IB+' 6B,*./,(&7# %2& (35& 83-.08 -&&.&. (0 (/,-'4&/ (2& .,(, 1,- B&
&'(35,(&. BJ I-083-L (2& &:+&1(&. 1/0'' '&1(30- 04 (2& 5&50/J ,-. (2& W*: 04 (2&
B&,5 .*/3-L (2& (&'(# X- (23' ,-,<J'3'; 8& ,''*5& (2,( (2& 1/0'' '&1(30- 3' .053-,(&.
BJ )EF; 3#&#; 0-& &//0/ 40/ &,12 B3( <3-&# %23' 3' (2& 80/'( 1,'& 40/ (2& 1,<1*<,(30- 04
(2& (35& .*/,(30- (0 (/,-'4&/ (2& .,(,# %2& 1/0'' '&1(30- +&/ B3( σbit; 04 (2& RJ+/&''
3' ,B0*( 1.8 × 10−13cm2 ,' 83<< B& .3'1*''&. 3- (2& 40<<083-L +,/,L/,+2'# %2& 1/0''
'&1(30- 04 (2& 123+ 6Y GB3(7 σ; 3' 1.5 × 10−6cm2# %2&/&40/&; 0-& 1,- &:+&1( ,- )EF
,( &,12 6.6× 105 +/0(0-' 0- (2& ?F%# Z-083-L (2& W*: φ; (2& 5&50/J '3P&; ,-. (2&
-*5B&/ 04 123+ 0- (2& B0,/.; n; (2& (0(,< -*5B&/ 04 &//0/' +&/ '&10-. +&/ B0,/.; N ;
3'[
N = n · σbit · size · φ 6"#T7
M0/ &,12 &//0/; (2& ,../&'' ,-. (2& .,(, <3-& ,/& (0 B& (/,-'4&//&.# %2&/&40/&; (2&
(0(,< ,50*-( 04 B3(' (0 B& (/,-'4&//&. +&/ '&10-. 3'
Nbits = (32 + 16) ·N 6"#$7
%2& (0(,< (35& (0 (/,-'4&/ (2& .,(, .&+&-.' 0- tbeam ,-. 3' L39&- BJ[
ttransfer =
Nbits
baudrate
× (tbeam) 6"#!7
82&/& tbeam 3' (2& (35& (2& ?F% 3' 10<<&1(3-L )EF ,-. baudrate 3' (2& -*5B&/ 04
B3( +&/ '&10-. (/,-'53((&.# \110/.3-L (0 (2& ,B09& '&]*&-1&; (2& )EF'; 82312 011*/
 !"#$%& '( )*+, -%-.&/%0 "0 121 345%67% 0%60.& 89
:5&/6; $!% $/-% /6$%&<"4 .= $&"60=%&&/6; :"$" "6: >!/4% &%":/6; " 0/6;4% -%-.&? 7!/#@
"&% 6.$ 7.56$%:( A!/0 $/-% #%&/.: /0 /6:/7"$%: "0 tblind( A!/0 /6$%&<"4 :%#%6:0 .6
$!% B"5:&"$% .= $!% $&"60=%&&/6; #&.7%00 "6: .6 $!% B%"- C5D >!/7! ED%0 $!% )2F
&"$% G;/<%6 $!% 7&.00 0%7$/.6 .= $!% 7!/#H( A!%&%=.&%@ =.& "6 /&&":/"$/.6 .6 7.6$/65.50
&%":/6; -.:%@ tblind !"0 $. B% 4.> %6.5;! $. B% 6%;4%7$%: >/$! &%0#%7$ $. $!% $/-%
/6$%&<"4 :5&/6; >!/7! $!% IFA /0 /&&":/"$%: "6: $!% )2F "&% 7.56$%:@ >!/7! 7.60/0$0
.= $!% tbeam #450 $!% $/-% $. &%": $!% .$!%& n− 1 -%-.&/%0J $!/0 $/-% /0 /6:/7"$%: "0
tbeam−eff ( K6% 7"6 7.60/:%& $!% &"$/. rdump :%E6%: "0 %L5"$/.6 G'(9H "6: 0$5:? /$0
<"45% "0 " =567$/.6 .= $!% tbeam "6: φ(
rdump =
tblind
tbeam−eff
=
ttransfer + tread
tbeam + (tread · (n− 1))
G'(9H
M6 $!/0 %<"45"$/.6 >% >/44 7.60/:%& $!% >.&0$ 7"0% >/$! 9 7!/#0@ nN9( A!% &%":/6;
$/-% GtreadH =.& " 0/6;4% -%-.&? /0 OP -0( A!% 3/;5&% 'Q' 0!.>0 $!% ="7$.& $. "##4?
=.& :/R%&%6$ B%"- $/-% "6: :/R%&%6$ C5D%0 $. 7.&&%7$4? %<"45"$% $!% %R%7$/<% C5%67%
>!/7! !"0 $. B% 7.60/:%&%: =.& $!% 7&.00 0%7$/.6 7"4754"$/.6(
3/;5&% 'Q'S *"$/. rdump =.& $!% T .6$/6.50 ,.:%U >/$! $!% :5-# .= $!% -%-.&?(
A!% 0"-% "6"4?0/0 7"6 B% :.6% =.& $!% <"&/"6$ TV. I5-#U( A!% $&"60=%& $/-% /6
$!/0 7"0% /0 <%&? 0-"44 B%7"50% /$ 7.60/0$0 .= $&"60=%&&/6; 8W B/$ .= $!% 7.56$%&0 =.&
)2F "6: ,XF0 "6: )$57Y B/$( A!50 $!% $&"60=%& $/-% /0S
 ! !"#" $%&'()*'+,-. /'01.,0
ttransfer =
96bit
baudrate
2!"!3
45'('67(' ,5' '81-,)7+ 67( ,5' (-,)7 rnodump )09
rnodump =
tblind
tbeam
=
transf + tread
tbeam
2!":3
45' ;)<1(' !=: 057>0 ,5-, ,5' (-,)7 rnodump )0 ?'.7> #@ 67( - tbeam 5)<5'( ,5-+ ! 0"
;)<1(' !=:9 /-,)7 rnodump 76 ,5' ?.)+A ,)*' 67( ,5' BC7+,)+710 D7A'E >),571, ,5'
A1*& 76 ,5' *'*7(F"
 !" #$%&'()&*+,- .&/0-+/
45' ,'0, ('01.,0 >),5 ,5' &(7,7+0G ,5' ,5'(*-. +'1,(7+0 -+A H+-..F ,5' ,'0,0 >),5 ,5'
+'1,(7+0 -, )+,'(*'A)-,' '+'(<)'0 -(' ('&7(,'A -+A A)0I100'A" 45'+G ,5' ?1(0, 'J'+,0
76 ,5' CF&('00 *'*7(F -(' )+J'0,)<-,'A -+A - *),)<-,)7+ ,'I5+)81' )0 &(7&70'A" K+
,5)0 &-(-<(-&5G ,5' ('01.,0 76 ,5' 4705)?- *'*7()'0 -(' ('&7(,'A -+A A)0I100'A ,77"
 !"#$%& '( )*+, -%-.&/%0 "0 121 345%67% 0%60.& 89
 !"!# $%&'()) *'+)) )(*,-+. /+' &'+,+.)0 ,1('234 .(5,'+.) 3.6
.(5,'+.) 3, -.,('2(6-3,( (.('7-()
)%:%&"4 $%0$ 7"-#"/;60 !":% <%%6 7"&&/%= .5$ /6 $!% #"0$ >%"&0 $. 7"4/<&"$% $!%  >#&%00
-%-.&>( ?6% .@ $!% A&0$ $%0$ 7"-#"/;6 B"0 /6 CDEE B/$! " #&.$.6 <%"- "$ F)GH $!%
$%0$0 B%&% #%&@.&-%= $. :%&/@> $!"$ $!% )*+, B"0 4"$7!I5# @&%% "6= $. %:"45"$% $!%
7&.00 0%7$/.6 .@ $!"$ -%-.&/%0( J. <% 6.$/7%= $!"$ $!% ="$% 4.$ 7.=% KEDLEM .@ $!.0%
-%-.&/%0 =/N%&0 @&.- $!% .6% $%0$%= "@$%&B"&= KEDLO "6= EEC'M( ,.&%.:%&P $!% $%0$0
B%&% 7"&&/%= .5$ .6 Q -%-.&/%0 "$ $!% 0"-% $/-% 50/6; " ' 7- 7.44/-"$.&
G6 J"<4% '(E $!% *56 65-<%& "6= $!% 7&.00 0%7$/.60 @.56= "&% &%#.&$%=( J. <%
6.$/7%= $!"$ "44 $!% $%0$0 !":% <%%6 7"&&/%= .5$ B/$! $!% R .6$/65.50 ,.=%S B/$! $!%
RT5-#S :"&/"6$P $!%6 $!% &%054$0 "&% "=U50$%= @.& $!% %N%7$/:% <%"- $/-% 7.60/=%&/6;
$!% %V5"$/.6 K'(QM( J!% $%0$0 B%&% 7"&&/%= .5$ /6 .&=%& $. !":% -.&% $!"6 CDD 7.56$0
@.& %"7! &%"=/6;0P &%"7!/6; 0. " $.$"4 65-<%& .@ )2W0 #%& &56 </;;%& $!"6 ODDD( J!/0
/0 =.6% B/$! $!% #5&#.0% .@ &%=57/6; $!% 7.56$/6; 0$"$/0$/7"4 %&&.& <%4.B CX( J!%
0$"$/0$/7 %&&.& .6 Ncounts /0 7"4754"$%= "0Y
σstat count =
1√
Ncounts
K'(OM
J"<4% '(EY *%054$0 .@ $!% $%0$ 7"&&/%= .5$ .6 $!% A&0$ 4.$ .@  >#&%00 .6 $!% CDEE(
*WZ *%"= -.=% J <%"- 345%67% 26%&;> 345[  !" #  !" $  !" %  !" &
\0] [p/cm2] \,%̂ ] [p/cm2/s] \7-!_</$] \7-!_</$] \7-!_</$] \7-!_</$]
EC T5-# QD 5× 109 CLD 3.4× 106 1.82× 10−13 1.77× 10−13 1.62× 10−13 2.56× 10−13
E' T5-# QD 5× 109 CLD 3.4× 106 1.91× 10−13 1.74× 10−13 1.34× 10−13 2.33× 10−13
CQ T5-# QD 1× 1010 CLD 8.6× 106 1.46× 10−13 1.86× 10−13 1.33× 10−13 2.5× 10−13
J!%0% B%&% #&%4/-/6"&> $%0$0 7"&&/%= .5$ $. :%&/@> $!% .&=%& .@ -";6/$5=% .@ $!%
7&.00 0%7$/.6( J!% -%"6 7&.00 0%7$/.6 @&.- $!% -%"05&%-%6$0 /0 1.85× 10−13 B/$! "
0$"6="&= =%:/"$/.6 "$ Eσ .@ 4.1× 10−14P $!50 " CLX .@ 0#&%"= "-.6; $!% 7.60/=%&%=
0"-#4%0( J!% ,`W0 7&.00 0%7$/.6 B"0 %:"45"$%= "6= $!% 7.6$&/<5$/.6 $. $!% $.$"4
7&.00 0%7$/.6 B"0 4%00 $!"6 'X( J!%0% $%0$0 B%&% #%&@.&-%= "$ F)G B/$! " 7.44/-"$.&
.@ ' 7- B!/7! B"0 "<4% $. /&&"=/"$% 5# $. Q -%-.&> "$ $!% 0"-% $/-%( J!/0 /0 6.$
$!% <%0$ .#$/.6 @.& $!% 7"4/<&"$/.6 @.& $B. &%"0.60P "M $!% 56/@.&-/$> .@ $!% <%"-
a5[ =%;&"=%0 -.:/6; "B"> @&.- $!% 7%6$%&P "6= <M ;&%"$ 7"&% 0!.54= <% #"/= /6 $!%
7%6$%&/6; .@ $!% Q -%-.&/%0( G6 $!% 0577%00/:% $%0$0P B% $&/%= $. ":./= $!/0 0%$5#
"6= 7!"&"7$%&/b% .6% -%-.&> "$ $/-% B/$! " 7.44/-"$.& .@ C 7- B!/7! ;/:%0 $!% <%0$
!.-.;%6%/$> .6 $!% TWJ(
Z.6%$!%4%00 B% !":% &%#.&$%= $!.0% ="$" <%7"50% $!% ;..= &%054$0 4%= 50 $. <5>
$B. 4.$0 .@ -%-.&/%0P .6% B/$! $!% 7.=% EEC' K4.$ +M "6= $!% 0%7.6= B/$! $!% EDLO
 ! "#$# %&'()*+(,-./ 0(12/-1
3/4- 56# 78(/9( :(9*;(1 4< (.;= /4- =.9( >((, +(.12)(: *, -=( 1.+( ;4,:*-*4,1 8*-= .
?$@ A(B >(.+ .- . C2& 4< 1.6× 108pp/cm2#
%.;= :(9*;( =.1 >((, +(.12)(: -=)(( -*+(1 .- ?$@ A(B -4 .11(11 -=( )('(.-.>*/*-D
4< -=( ;)411E1(;-*4, +(.12)(+(,-1# F, -=( G*H2)( "E! -=( ;)411 1(;-*4, 4< -=( IJ71
4< -=( -84 /4-1 *1 )('4)-(: 8*-= -=( )('(.-.>*/*-D ())4) >.) .- KLσ# 7=( )('(.-.>*/*-D
4< -=( ;)411 1(;-*4, +(.12)(+(,-1M (9./2.-(: 21*,H -=)(( 1=4-1 4, -=( 1*,H/( ;=*'M *1
1.57× 10−14cm2/bit .,: 2.63× 10−14cm2/bit <4) -=( /4- N .,: 5M )(1'(;-*9(/DM 8=*;=
*1 (O2*9./(,- -4 K@P 4< -=( .9().H( 4< -=( ;)411 1(;-*4,1#
7=( +(., 4< -=( ;)411 1(;-*4,1 4< /4- N *1 1.87×10−13cm2/bit 8*-= . KLσ 1-.,:.):
:(9*.-*4, 4< 4 × 10−14cm2/bit# G4) -=( /4- 5 -=( +(., *1 3.31 × 10−13cm2/bit 8*-=
. KLσ 1-.,:.): :(9*.-*4, 4< 7 × 10−14cm2/bit# 7=41( 9./2(1 =.9( >((, ;./;2/.-(:
;4,1*:()*,H .// -=( +(.12)(+(,-1 4< (.;= ;=*'# G4) >4-= -=( /4-1M -=( KLσ 1-.,:.):
:(9*.-*4, *1 ?@PM -=21 -=( 1.+'/( -4 1.+'/( 9.)*.-*4, :4+*,.-(: -=( 2,;()-.*,-D
142);( -()+1# 7=( )(12/-1 1=48(: -=.- -=()( *1 . 1*H,*Q;.,- :*R()(,;( >(-8((, -=(
;)411 1(;-*4, 4< -=( -84 /4-1# 7=()(<4)( -=( +(+4)*(1 <)4+ -=( -84 /4-1 =.9( ,4- -4
>( +*&(: .,:M 4, (.;= 0.:A4, -=( +(+4)*(1 =.9( -4 >( -).;S(: <)4+ -=( 4)*H*,#
T,( >*- C*' 4, . 1*,H/( +(+4)D ;4))(1'4,:1 -4 6.37 × 105 ± 1.47 × 105pp/cm2
<4) -=( /4- N 33.6 × 105 ± 7.56 × 104pp/cm2 <4) -=( /4- 56# 7=( 0.:A4, BUM .1
./)(.:D 1-.-(: *, -=( V=.'-() $M ;., +42,- 2' -4 <42) VD')(11 +(+4)*(1# A(.12)*,H
8*-= <42) +(+4)*(1 *1 . >*H .:9.,-.H( >(;.21( -=( 1(,1*-*9*-D *,;)(.1(1 >D . <.;-4)
W .,: -=( )(/.-*9( 2,;()-.*,-D *1 )(:2;(: >D . <.;-4) ?# 7=*1 ;., >( (.1*/D 9()*Q(:
>D ;4,1*:()*,H -=( (O2.-*4, 4< -=( 2,;()-.*,-D ')4'.H.-*4, 3(O2.-*4, "#X6 .,: -=(
(&'(;-(: +(., 4< -=( '4'2/.-*4, -.S*,H *,-4 .;;42,- W +(+4)*(1 3(O2.-*4, "# 6# 7=(
)(/.-*9( 1-.,:.): :(9*.-*4, *1 )('4)-(: *, -=( (O2.-*4, 3"#K@6#
σ
 4 =
√
(σ
 1)2 + (σ 1)2 + (σ 1)2 + (σ 1)2 = 2 · σ 1 3"#X6
µ
 4 = µ 1 + µ 1 + µ 1 + µ 1 = 4 · µ 1 3"# 6
relstd =
2 · σ
 1
4 · µ
 1
· 100 = σ 1
2 · µ
 1
· 100 3"#K@6
J1*,H <42) +(+4)*(1 .- -=( 1.+( -*+( .,: 12++*,H -=(*) Y%J ;42,-1M -=( (R(;-*9(
;)411 1(;-*4, '() >*- 4< -=( 1D1-(+ *1 7.5 × 10−13 ± 8 × 10−14cm2 <4) -=( /4- NM .,:
1.32 × 10−12 ± 1.4 × 10−13cm2 <4) -=( /4- 5# 7=( )(/.-*9( 2,;()-.*,-D 21*,H <42)
+(+4)D *1 K@P ;4,1*:()*,H KLσ 1-.,:.): :(9*.-*4,# 7=( )(14/2-*4, 4, -=( C2(,;(
;4,1*:()*,H <42) +(+4)*(1 >(;4+(1 1.59 × 105 ± 1.7 × 104pp/cm2 21*,H -=( /4- N
.,: 2.25 × 104pm2.39 × 103pp/cm2# G*,.//DM -=( 2,;()-.*,-D 4, -=( +(.12)(+(,-1
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7.60/:%&/6; " 7.6<:%67% 4%=%4 .> 8'? >.& >.5& -%-.&/%0 /0 @A? >.& B.$! $!% 4.$0(
3/;5&% 'CDE +=%&";% 7&.00 0%7$/.6 #%& B/$ F/$! #&.$.60 "$ @GA ,%H >.& I@ :%=/7%0 >.&
4.$ + "6: 4.$ J( K!% %&&.& B"&0 &%>%& $. $!% &%#%"$"B/4/$L 7"4754"$%: .=%& $!&%% 0!.$0(
K!% &%054$0 "&% 05--"&/M%: /6 $!% K"B4% '(@( )%=%&"4 $%0$0 !"=% B%%6 #%&>.&-%:
"40. "$ 4.F%& 05##4L =.4$";% N@(' H O B5$ 6.$ 0/;6/<7"6$ 7!"6;%0 !"=% B%%6 -%"05&%:(
K!/0 /0 :5% $. $!% #&%0%67% .> $!% /6$%&6"4 =.4$";% &%;54"$.&0 F!/7! /6:%#%6:%6$4L >&.-
$!% %P$%&6"4 #.F%& 05##4L N/6 $!% :"$"0!%%$ &"6;%O &%;54"$%0 $!% 7%44 "&&"L =.4$";%(
K"B4% '(@E )5--"&L .> $!% 7&.00 0%7$/.6 "$ @GA ,%H >.& %"7! -%-.&L 4.$( K!%
7&.00 0%7$/.6Q $!% -/6/-5- &%0.45$/.6 $!"$ 7"6 B% "7!/%=%: "6: $!% 567%&$"/6$L "&%
&%#.&$%: >.& " 0/6;4% -%-.&L "6: >.& " 0%$ .> >.5& :%=/7%0 50%: $.;%$!%&(
+=%&";%  &.00 0%7$/.6 ICσ ,/6/-5- *%0.45$/.6 R67%&$"/6$L
S7-
 
TB/$U S7-
 
TB/$U ##T7-
 ± ##T7- 
V.$ + PI I(9DPIA
!"#
WPIA
!"$
X(GDPIA
%
I(WDPIA
%
V.$ J PI G(GIPIA
!"#
DPIA
!"$
G(XPIA
%
D('XPIA
$
V.$ + PW D(W9PIA
!"#
9PIA
!"$
I('8PIA
%
I(DPIA
$
V.$ J PW I(G@PIA
!" 
I(WPIA
!"#
@(@'PIA
$
@(G8PIA
#
K!% :/Y%&%67% B%$F%%6 $!% 7&.00 0%7$/.6 "$ @GA ,%H "6: $!% .$!%& %6%&;/%0 /0 "
#"&"-%$%& $. $"Z% /6$. 7.60/:%&"$/.6 F!%6 50/6; $!% -%-.&L "0 " 0%60.& /6 " -/P%:
&":/"$/.6 <%4:( K"B4% '(G "6: 3/;5&% 'CI9 &%#.&$ $!% -%"6 .> $!% 7&.00 0%7$/.60 "$
  !"#" $%&'()*'+,-. /'01.,0
,2' 3)4'('+, '+'(5)'0 +6(*-.)7'3 8),2 ('0&'9, ,6 ,2' :#; <'= >-.1'" ?2' '+'(5@
3'&'+3'+9@ 2-0 A''+ B61+3 ,6 A' ,2' 0-*' B6( A6,2 ,2' .6,0" ?2' 9(600 0'9,)6+ B(6*
:#; <'= ,6 C; <'= 3'9('-0'0 A@ -(61+3 D;E" F.,26152 ,2)0 >-.1' )0 96*&-(-A.'
8),2 ,2' ('&'-,-A).),@ 6B ,2' *'-01('*'+, ,2' 9(600 0'9,)6+ ,'+3'+9@ ,6 3'9('-0'
)0 '>)3'+," G'.68 C; <'=H -+3 '0&'9)-..@ -, #; <'= ,2' &(6,6+ A'-* 9-++6, A'
96+0)3'('3 -0 *6+692(6*-,)9 0)+9' ,2' 3'5(-3'(0 '+.-(5' ,2' '+'(5@ 0&'9,(1* 6B ,2'
)+96*)+5 &-(,)9.'0" I68'>'(H ,2)0 0)3' '4'9, 36'0 +6, 92-+5' ,2' *-)+ 61,96*' 6B
,2' ,'0,J ,2' 3'9('-0' 6B 0'+0),)>),@ A'96*'0 *6(' &(6+61+9'3 -+3 ,2' 9(600 0'9,)6+
>-.1' -, #; <'= )0 2-.>'3 8),2 ('0&'9, ,6 ,2' 6+' -, :#; <'="
?2' ,'0,0 -, ?/KL<M 0268 ,2-, ,2' 9(600 0'9,)6+ )0 +6, 0-,1(-,'3 -, :#; <'=
A1, 96+,)+1' ,6 0.)52,.@ )+9('-0' 8),2 ,2' '+'(5@" ?2' 9(600 0'9,)6+ -, #!! <'= -+3
NO; <'= )0 - B-9,6( D": -+3 D"N .-(5'( ,2-+ -, :#; <'=H ('0&'9,)>'.@ P?-A.' !"#Q" F
9(600 9-.)A(-,)6+ 2-0 A''+ 36+' A',8''+ ,2' ?/KL<M -+3 RSK ('01.,0 -, :#; <'=
A@ ,'0,)+5 ,2' 0-*' 92)& )+ ,2' ,86 B-9).),)'0" ?2' 9(600 0'9,)6+ *'-01('*'+,0 -('
)+ -5(''*'+, 8),2 .'00 ,2-+ DE 6B 3)4'('+9'" ?2' )+9('-0' 6B ,2' 9(600 0'9,)6+ -,
2)52 '+'(5) )+,'(-9,)6+ '0 )0 31' ,6 ,2' B-9, ,2-, ,2' '+,)(' T(0, *',-..)7-,)6+ .-@'(
6B ,2' *'*6(@ )0 *-3' A@ ?1+50,'+" F0 -.('-3@ 0''+ )+ U DH  :V B6( S$W '4'9,H ,2'
2)52 W$? B(-5*'+,0 9(600 0'9,)6+ )+9('-0'0 8),2 ,2' '+'(5@ 6B ,2' )+96*)+5 &-(,)9.'
P&(6,6+0Q )+ &('0'+9' 6B -+ I)52 X *-,'()-." ?2)0H )+ ,1(+ 9-+ .'-3H ,6 - 2)52'( S$L
9(600 0'9,)6+ U #V"
?-A.' !"#J Y6(*-.)7'3 Z(600 0'9,)6+ B6( &(6,6+0"
?'0, $+'(5@ U<'=V Y6(*-.)7'3 9(600 0'9,)6+
: ;"![
N[ ;"O!
C; ;" :
O; ;"O 
RSK D;; ;" #
D!; ;" O
:;; D";:
RSK\?/KL<M :#; D";;\D";D
#!! D"D 
?/KL<M NO; D"#O
 !"!# $%&'()* +&,-'./ $&0-
?2' ,2'(*-. +'1,(6+ ,'0, 8-0 9-(()'3 61, -, ,2' /$X B-9).),@" ?2('' A6-(30 '-92
96+,-)+)+5 O ]L?0 2->' A''+ ,'0,'3" ?86 9-(30 8'(' &6&1.-,'3 8),2 *'*6()'0 B(6*
 !"#$%& '( )*+, -%-.&/%0 "0 121 345%67% 0%60.& 899
3/:5&% ';<= >&.$.60 7&.00 0%7$/.6 "0 " ?567$/.6 .? $!% /67.-/6: #"&$/74% %6%&:@(
$!% 4.$ A "6B .6% C/$! $!% 7!/#0 ?&.- $!% 4.$ +( D!% -%"05&%-%6$0 !"E% F%%6 7"&&/%B
.5$ /6 $!% 0$"$/7 -.B% 50/6: G99 0%7.6B0 ?.& $!% &%"B/6: $/-% /6 .&B%& $. F% "F4% $.
7.44%7$ "&.56B G99 )2H0 #%& &56 .6 %"7! 7!/# 4%"B/6: $. " 1 − −σ 0$"$/0$/7"4 %&&.&
.? "&.56B IJ( D!% $%0$ !"0 F%%6 #%&?.&-%B "40. "$ B/K%&%6$ E.4$":%0 $. E%&/?@ /?
$!% 0%60/$/E/$@ /67&%"0%0 F@ 4.C%&/6: $!% E.4$":% 05##4@( D!% &%054$0 .? $!% $%0$0 "&%
&%#.&$%B /6 D"F4% '(LM /6 C!/7! $!% -%"6 "6B $!% 0$"6B"&B B%E/"$/.6 ?.& < NHD0 /0
&%#.&$%B ?.& %"7! F."&B "6B %"7! 05##4@ E.4$":%( A%/6: $!% "E%&":% 7&.00 0%7$/.6 ?.&
$!%&-"4 6%5$&.6 /6 $!% .&B%& .? LO89
 !"
7-
#
PF/$M $!%  @#&%00 !"0 " 7&.00 0%7$/.6 ?.&
$!%&-"4 6%5$&.6 -.&% $!"6 " ?"7$.& L99 4.C%& $!"6 $!% .6% "$ QG9 ,%R( D!% 4.C
0%60/$/E/$@ .? $!%  @#&%00 $. $!% $!%&-"4 6%5$&.60 %605&%0 $!"$ $!% -%"05&%-%6$0 .?
$!% 121 S5%67%0 "&% 6.$ /6S5%67%B F@ $!% $!%&-"4 #"&$ .? $!% T1 0#%7$&"( D!%
#%&?.&-"67%0 .? $!% -%-.&@ /6 " -/O%B U%4B "&% B/07500%B /6 B%$"/40 /6 #"&":&"#!
'(L(Q "6B '(L(8(
 !"!" #$%&'()* &$*&
+0 0$"$%B F%?.&%M $!% 6%5$&.60 "$ %6%&:/%0 F%4.C Q9 ,%R 7"6 0$/44 #%6%$&"$% $!% B%E/7%
&%"7!/6: $!% 0%60/$/E% E.45-%M !%67% $!% 7&.00 0%7$/.6 /0 -%"05&%B C/$! 'M < "6B 8'
,%R -.6.%6%&:%$/7 6%5$&.6 F%"-( V/E%6 $!% &%4"$/E%4@ 4.C S5O .? $!% ?"7/4/$@M /$
 ! "#$# %&'()*+(,-./ 0(12/-1
3.4/( "#56 72++.)8 9: -;( -;()+./ ,(2-)9,1 <)911 1(<-*9, :9) -;( -=9 /9-1> -(1-(?
=*-; -=9 ?*@()(,- '9=() 12''/*(1#
A9- B9.)? 72''/8 C9/-.D( E/2& E/2(,<( FG().D( H)911 7(<-*9, 7-?
ICJ I-;,K<+
 
K1J I-;,K<+
 
J I<+
 
K4*-J I<+
 
K4*-J
B  L#" 1.73× 108 5.19× 1010 4.85× 10−16 8.24× 10−17
B  $#$ 1.73× 108 5.19× 1010 4.76× 10−16 5.15× 10−17
B L L#" 1.73× 108 5.19× 1010 4.44× 10−16 3.38× 10−17
B L $#$ 1.73× 108 5.19× 1010 4.56× 10−16 4.06× 10−17
F  L#" 1.73× 108 5.71× 1010 4.11× 10−16 3.24× 10−17
F  $#$ 1.73× 108 1.04× 1010 3.84× 10−16 7.50× 10−17
=.1 ,9- '911*4/( -9 +.M( )('(.-(? +(.12)(+(,-1 9, -;( 1.+( <;*'# E92) 70FN1
4(/9,D*,D -9 -;( 1.+( /9- =()( -(1-(? *, '.).//(/ 9, -;( 1.+( 49.)?# 3;( ,2+4() 9:
<2+2/.-(? 7%O <92,-1 '() (.<; <;*' =.1 .- /(.1- $!!> -;21 =*-; . 1-.-*1-*<./ <92,-
())9) 9: ±PQ# 3;( +(., .,? -;( 1-.,?.)? ?(G*.-*9, 9: -;( <)911 1(<-*9,1 9: -;( :92)
<;*'1 =()( <./<2/.-(? :9) -;( -;)(( (,()D*(1 .,? -;( )(12/-1 )('9)-(? *, 3.4/( "#"#
3.4/( "#"6 N9,9R(,()D(-*< ,(2-)9,1 <)911 1(<-*9,#
A9- %,()D8 FG().D( <)911 1(<-*9, 7-.,?.)? ?(G*.-*9,
IN(CJ I<+
 
K4*-J I<+
 
K4*-J
AS3 B  5#T 1.09× 10−13 2.66× 10−14
AS3 B T 2.16× 10−14 1.41× 10−15
AS3 B " 9.30× 10−15 4.39× 10−16
AS3 F  5#T 6.09× 10−14 8.30× 10−15
AS3 F T 1.80× 10−14 5.64× 10−16
AS3 F " 9.47× 10−15 4.34× 10−16
F// -;(1( )(12/-1 .)( ?*1<211(? *, -;( 7(<-*9, "#5#L> *, =;*<; -;( 21( 9: -;( 70FN
*, . +*&(? ).?*.-*9, U(/? *1 ?(1<)*4(?#
 !"!# $%&'( )*)+(' ,+ -./&)'' 0)0,&.
F ?('(,?(,<8 9: -;( <)911 1(<-*9, 9, -;( H;*' 7(/(<- VH7W 1*D,./ ;.1 4((, ?*1<9G()(?
48 )(.?*,D -=9 +(+9)*(1 =*-; -;( X0.?N9, -8'(Y +(-;9?# 3;( H;*' 7(/(<- 1*D,./>
=;*<; .<-*G.-(1 -;( <9,-)9/ <*)<2*-)8 :9) -;( )(.?K=)*-( 9'().-*9,1> =.1 (,.4/(? 9,/8
?2)*,D -;( )(.?*,D .,? =)*-*,D <8</(1 :9) -;( U)1- +(+9)8 =;*/( *- =.1 ./=.81 .<-*G(
9, -;( 1(<9,? 9,(# Z, -;(1( -(1- <9,?*-*9,1> -;( 1(<9,? +(+9)8 ')(1(,-(? . ;*D;()
<)911 1(<-*9,# 39 .,./8[( -;( (@(<- 9: -;( H7> . -(1- =.1 <.))*(? 92- 48 M(('*,D -;( H7
1*D,./ ./=.81 .<-*G( :9) -;( (,-*)( )2, 48 21*,D -;( X0.?N9, -8'(Y )(.?*,D +(-;9?#
3;( ,2+4() 9: 7%O1 <9//(<-(? *, -;( )2, =*-; -;( H7 ./=.81 .<-*G( V,.+(? XH;*'
7(/(<-Y *, E*D2)( "\] W *1 .)92,? . :.<-9) -=9 ;*D;() -;., -;( 9,( D9- =*-; . )2,
 !"#$%& '( )*+, -%-.&/%0 "0 121 345%67% 0%60.& 89:
;/$! $!%  ) "7$/<% .64= >5&/6? $!% &%">/6? "6> ;&/$/6? .#%&"$/.60 @6"-%> ABC 7!/#
0%4%7$DE( F!% &%054$0 "&% >%#/7$%> /6 3/?5&% 'GH "6> $!% 65-%&/7"4 <"45%0 "&% &%#.&$%>
/6 F"I4% '(J(
3/?5&% 'GHK B5-I%& .L )2M 7.56$0 "0 " L567$/.6 .L $!% &%">/6? 7=74% @%"7! : 0%7.6>0E(
F!% 4"I%4  !/# )%4%7$ /6 $!% 4%?%6> /6>/7"$%0 $!% 7"0%0 L.& ;!/7! $!% 7!/# 0%4%7$ ;"0
"4;"=0 "7$/<% >5&/6? $!% &56( F!% 4"I%4 BC  !/# )%4%7$ &%L%&0 $. $!% 7"0%0 L.& ;!/7!
$!% 7!/# 0%4%7$ ;"0 6.$ "7$/<"$%> >5&/6? $!% &56(
F"I4% '(JK  &.00 0%7$/.6 7.-#"&/0.6 ;/$! $!%  !/# )%4%7$ 0/?6"4 "7$/<%(
 !/# )%4%7$ +7$/<%  &.00 )%7$/.6 )2M  .56$0
N7-:OI/$P
B. 8(QRS89G8T RQ:T
U%0 Q(H'S89G8T 8:'R'
35&$!%&-.&%V ;% "6"4=W%> $!% 65-I%& .L I/$0 /6 %&&.& /6 $!% 0"-% I/$ 4/6% ;!%6 $!%
 ) /0 X%#$ %6"I4%> >5&/6? $!% I%"- &56( +6 /67&%"0% .L $!% ,YM 7.56$0 /0 .I0%&<%>
"6> 0!.;6 /6 3/?5&% 'GH( F!% 65-I%& .L I/$0 ;!/7! "&% 5#0%$ /6 " 4.?/7 ;.&> .L $!%
-%-.&= /0 &"&%4= 4"&?%& $!"6 T L.& $!% 7.6>/$/.6 AB.  !/# )%4%7$D(  .6<%&0%4=V $!%
65-I%& .L 5#0%$ I/$0 /6 " 0/6?4% ;.&> .<%&7.-%0 $!% $!&%% I/$0 ;!%6 $!%  !/# )%4%7$ /0
%6"I4%> >5&/6? $!% %6$/&% &56 @3/?5&% 'G89E( Z5&/6? .$!%& $%0$0 7"&&/%> .5$ "$ " 4.;%&
[5S ;/$! $!% A*">,.6 F=#%D -.>%V $!% I5&0$ %<%6$0 I%7.-% -.&% %</>%6$ .6 $!%
 !" #$"$ %&'()*+(,-./ 0(12/-1
3*42)( #5 !6 7*1-84).+ 89 -:( ,2+;() 89 2'1(- ;*-1 *, <.1( 89 =>?1 @*-: AB *,.<-*C(
DE(//8@F .,G .<-*C( D;/2(F G2)*,4 -:( )2,$
<82,-1 )(.G*,4$ H, 3*42)( #5  -@8 ;2)1- (C(,-1 .)( 2,G()/*,(G 98) ., *)).G*.-*8, .- .
I2& 89 6.8× 106pp/cm2$ J:()(98)(K *, C*(@ 89 -:( 21.4( 89 -:*1 +(+8)E .1 ).G*.-*8,
1(,18)K . G(-.*/(G .,./E1*1 :.1 ;((, <.))*(G 82- -8 2,G()1-.,G *9 -:( ;2)1- (C(,-1 <.,
;( )(<84,*L(G .,G -:()(98)( <8))(<-(G 98)$
J:( )(<84,*-*8, 89 -:( ;2)1- '.--(), @.1 '()98)+(G G2+'*,4 -:( (,-*)( +(+8)E
8) '.)- 89 *- G2)*,4 -:( *)).G*.-*8, .,G .,./E1*,4 -:( G.-. )(9())*,4 -8 -:( ':E1*<./
*,-(),./ 1-)2<-2)( 89 -:( B0M=$ J:( ;*-5+.' '()+*--(G -8 '2- *, (C*G(,<( -:.- .
;2)1- (C(,- <., ;( )(<84,*L(G ;(<.21( -:( :*- <(//1 ;(/8,4 -8 -:( 1.+( ;/8<N D3*42)(
#5 OF$
J:21K ., ./48)*-:+ @.1 G(C(/8'(G -8 )(<84,*L( *9 +2/-*'/( B%?1 *, . 1*,4/( )(.G*,4
<E</( :.C( . ;2)1- 1*4,.-2)( .,G .<<82,- -:(+ .1 8,( (C(,-$ J:( ')8<(G2)( :.1 ;((,
.''/*(G 8, -:( G.-. 89 -:( '.1- <.+'.*4,1 .,G 12<<(1192//E )(G2<(1 -:( ,2+;() 89
<82,-1 ;E . 9.<-8) # D3*42)( #5 "F$ J:*1 +(-:8GK <., ;( .''/*(G 8,5/*,($
 !"! #$% &'()*+,-**
J:( <)811 1(<-*8, G('(,G(,<E 8, -:( JHP :.1 ./18 ;((, .11(11(G .- QBH$ J:( G81(
C./2(1 98) (.<: *)).G*.-*8, .)( 4*C(, G*)(<-/E ;E -:( 9.<*/*-E$ J:( (R2.-*8, 21(G -8
<./<2/.-( -:( JHP *1 #$  6
 !"#$%& '( )*+, -%-.&/%0 "0 121 345%67% 0%60.& 89:
3/;5&% '<88= 2>"-#4% .? @5&0$ %A%6$0 "$ 4.B C5> 6.82× 106pp/cm2(
3/;5&% '<8D= E5&0$0 %A%6$0 "6"4F0/0 &%7.A%&/6; $!% /6?.&-"$/.6 .6 $!% @4.7GH &.B "6I
7.45-6( J!% @5&0$ %A%6$0 "&% 7!"&"7$%&/K%I @F -54$/#4% @/$ /6 5#0%$ /6 $!% 0"-%
@4.7G(
 !" "#$# %&'()*+(,-./ 0(12/-1
3*42)( "5 $6 0.7 )(.8*,41 .,8 (9:(,:; <= ->( ?2)1-1 +*-*4.-*<, ./4<)*->+ .)( 8(5
'*:-(8 -<4(->()#
Dose(rad(Si)) = LET (Si) · Φ · 1.5× 10−5 @"#  A
B>()( ->( C*,(.) %,()4; D).,1=() @C%DA *1 . =2,:-*<, <= ->( *,:<+*,4 ')<-<,
(,()4; .,8 >.1 2,*-1 <= E(F5:+
 
G+4# D>( H2(,:( ΦI (&')(11(8 *, :+ I *1 <?-.*,(8
=)<+ ->( :<+'2-() :<,-)<//*,4 ->( (&'<12)(# D>( -(1- 7.1 :.))*(8 .- J$! E(F <, .
:>*' 7>*:> >.8 ./)(.8; :2+2/.-(8 K L).8@M*A# D>( :)<11 1(:-*<, 1-.)-1 -< 8(:)(.1(
.?<N( ∼$! L).8@M*A .,8 ?(:<+(1 K!O <= ->( *,*-*./ N./2(1 .- KJ L).8@M*AI .1 8('*:-(8
*, 3*42)( "5 P# Q2)*,4 ->( -(1- 7( *,N()-(8 ->( '.--(), @.// R()<1 -< .// <,(1A .-
*,-()+(8*.-(8 DSQ /(N(/1 *, <)8() -< N()*=; *= ->( :)<11 1(:-*<, N.)*.-*<, :<2/8 ?(
82( -< ., *+')*,-*,4 (T(:-U ->( )(12/-1 7()( :<,1*1-(,- 7*-> -><1( <?-.*,(8 21*,4 ->(
*,*-*./ '.--(), <= .// R()<1 .,8 1><7(8 ->.- ->( ?*- '.--(), 8<(1 ,<- '/.; . )</( <, ->(
DSQ (T(:-1#
D>( +(+<); 1><71 . ?*4 8('(,8(,:; 7*-> ->( :2+2/.-(8 DSQ# C2:L/;I ->*1 (T(:-
:., ?( ,(4/(:-(8 *, ->( .:-2./ N()1*<, <= ->( 0.8E<, ?(:.21( ->( +(+<)*(1 .)(
*,1-.//(8 <, ->( +<->()?<.)8 7>*:> *1 ).8*.-*<, -</().,- 2' -< J" L).8# V(=<)( >.N*,4
:2+2/.-(8 ->*1 .+<2,- <= 8<1(I ->( 0.8E<, 2,8()4<(1 -< . ')(N(,-*N( 12?1-*-2-*<,#
 !"#$%& '( )*+, -%-.&/%0 "0 121 345%67% 0%60.& 89:
3/;5&% '<8=>  ?#&%00 7&.00 0%7$/.6 @%#%6@%67? "0 " A567$/.6 .A $!% BCD(
 !"!# $%&'()* +,-.
B!% B.0!/E" -%-.&/%0 !"F% E%%6 7"4/E&"$%@ A.44.G/6; $!% 0"-% #&.7%@5&% 50%@ A.&
$!%  ?#&%00( B!% #&.7%00 .A &%HI5"4/J7"$/.6 .A $!/0 7.-#.6%6$ G"0 6%7%00"&? E%7"50%
0%F%&"4 6%G E"$7!%0 .A $!/0 $?#% .A -%-.&/%0 G%&% E.5;!$( C6 $!/0 G.&K $!% #&.$.60
"6@ $!%&-"4 6%5$&.60 $%0$0 !"F% E%%6 7"&&/%@ .5$( B!% /6$%&-%@/"$% %6%&;? 6%5$&.60
&%0#.60% /0 E"0%@ .6 $!% $%0$ 7"&&/%@ .5$ /6 LM=N(
 !"!/ $%&'()* 01%&& &203(%4 5%1 61%3%4&7 3'218*9 42:31%4& *4;
42:31%4& *3 (432182;(*32 2421<(2&
B!% #&.$.6 $%0$ !"F% E%%6 7"&&/%@ "$ O)C G/$! $!% %6%&;? .A $!% #&.$.6 /6 $!% &"6;%
P9 H QP9 ,%R( B!% S5T 50%@ G"0 "&.56@ 2.20 × 108cm2( +0 "4&%"@? -%6$/.6%@ U0%%
7!"#$%& VW $!% 7&.00 0%7$/.6 @%#%6@0 .6 $!% 05##4? F.4$";%( C6@%%@ /$ G"0 A.56@ LM'N
$!"$ $!/0 "##4/%0 $. $!% B.0!/E" -%-.&/%0 "6@ G% $"K% "@F"6$";% .A $!/0 %X%7$ A.& $!%
-%"05&%-%6$0 .A $!% 121 "6@ .A $!% $!%&-"4 6%5$&.60 U0%% O"&";&"#! '(=(8W(
)%F%&"4 4.$0 U-%-.&/%0 G/$! $!% 0"-% @"$% 7.@%W !"F% E%%6 $%0$%@ @5&/6; $!%
?%"&0( + 05--"&? .A $!% -%"05&%-%6$0 7"&&/%@ .5$ .6 $!&%% 4.$0 /0 &%#.&$%@ /6 B"E4%
'(Y( B!% $%0$ #%&A.&-%@ /6 $!% Q98= '(Z[ "&% 7"&&/%@ .5$ .6 $!% $G. 4.$0 .A G!/7! G%
!"F% $!% 4"&;%0$ A5&6/$5&% "6@ G/44 E% 50%@ A.& $!% *"@,.6 /60$"44"$/.6( B!% "F%&";%
 !" #$%$ &'()*+,)-./0 1)230.2
4*522 2)4.+5- 56 7+8)*)-. 05.2 56 952:+;/ ,),5*+)2 +. 4:/-<)2 5-0= 56 /*53-7  #> /-7
+. +2 4052) .5 .:) 2/,(0)?.5?2/,(0) @/*+/.+5- 56 / <+@)- 05.$
9/;0) #$"A B3,,/*= 56 .:) 952:+;/ ,),5*+)2 (*5.5-2 4*522 2)4.+5- 65* .:) 05. CC%D
C%EDCCF$ 9:) /@)*/<) 4*522 2)4.+5- /-7 .:) 2./-7/*7 7)@+/.+5- /*) 4/0430/.)7 65* )/4:
05.$
 !" ##$  !" ##$  !" #$%  !" #$%  !" ##&  !" ##&
'() &*++ '() &*++ '() &*+& '() &*+& '() &*+& '() &*+&
, - $ - , - $ - , - $ -
./!00 012"3!4 526&7 2.95× 10−14 6.50× 10−14 2.28× 10−14 5.56× 10−14 3.50× 10−14 6.00× 10−14
("8 526&7 6.61× 10−15 1.64× 10−14 2.89× 10−15 4.86× 10−15 1.02× 10−14 7.52× 10−15
0"8961:4 5;7 FF$C F#$F  F$" E$" FG$  F$#
<3= >/" ?!" ##$ 5;7 DFF$" F  H$G D #$" E$%
9/;0) #$EA I/.)2. .)2.2 4/**+)7 53. 5- .:) -)J 05.2 CC! /-7 CC $
 !" ##*  !" ##*  !" ##+  !" ##+
'() &*+# '() &*+# '() &*+# '() &*+#
, - $ - , - $ -
@1:4 ./!00 012"3!4 526&7 2.63× 10−14 5.44× 10−14 2.57× 10−14 5.46× 10−14
("8 81A3:"3!4 526&7 2.73× 10−15 7.23× 10−15 1.71× 10−15 3.95× 10−15
0"8961:4 5;7  !$C  %$% H$H "$F
<3= >/" ?!" ##$ 5;7 D !$G D H$% D F$" D #$G
9:) )-)*<= 7)()-7)-4= 56 .:) 4*522 2)4.+5- :/2 ;))- ,)/23*)7 +- 2)@)*/0 .)2.
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$%1$%& Q," " Z"$ :"B*%( [% R"-$%< $!% $%1$B%< $+ B% 2+<5*"& $+ "<"#$ $+ $!% -%%<1
+= $!% <,\%&%-$ ,&&"<,"$,+- :"2#",.-1( C-<%%<D "=$%& #%&=+&2,-. $!% $%1$ +- $!% AC0
 !" #$ $ %&'()*+ ,')*-),./
.)0/12)3/ 45/'/ 25/ -6''/*2 -&*763,2)&* 0&' /8-5 9/:)-/ 487 8 -&*-/'*; 25/ '/+6.82&'7
<&8'9 8*9 25/ =6.2)>8? 4/'/ '/3&:/9$ @5/ ,&77)<).)2A 2& 58:/ &*/ '/+6.82&'7 &* 25/
-672&3 389/ BCDE <&8'9 389/ )2 ,&77)<./ 2& 67/ F672 8 7)*+./ 968. -58**/. ,&4/'
76,,.A$
B)+6'/ #G  H I.&-( 9)8+'83 &0 25/ BD>JK 3&96.8' 2/72 7/26,$
 !"!# $%&'()* +,-(./*01
E7 78)9 </0&'/; 25/ &62,62 &0 25/ 7/*7&' )7 8 7L68'/ 48:/ 4)25 )27 0'/L6/*-A 3&96.82/9
<A 25/ '/-/):/9 9&7/$ M* &'9/' 2& ./2 25/ 7/*7&' 4&'( )* 8 4/.. 9/N*/9 '/+)&* &0 25/
'/89)*+ =JK -58'8-2/')72)-7 O.)*/8' '/+)&*P; 24& :8.6/7 -8../9 Q25'/75&.9R 8*9 Q28'+/2R
8'/ 7/2 &* 25/ '/89&62 BCDE$ @5/ 25'/75&.9 :8.6/ )7 25/ 0'/L6/*-A :8.6/ 82 45)-5 25/
S&82)*+ +82/ 75&6.9 </ '/-58'+/9 <8-( )* &'9/' *&2 2& +& &62 &0 25/ .)*/8' '/+)&* &0
25/ Id1Vgs -6':/ &0 25/ '/89)*+ =JK$ @5/ 28'+/2 :8.6/ )7 25/ 0'/L6/*-A :8.6/ 2& '/8-5
)* &'9/' 2& 72&, 25/ '/-58'+/ ,'&-/77$ E* /T83,./ &0 '84 9828 0'&3 8* )''89)82)&*
&0 25/ 7/*7&' )7 9/,)-2/9 )* B)+6'/ #G ! 0&' <&25 25/ -&*N+6'82)&*7 UMDUKVWK 8*9
XJ%KVWK$ @5/ 0'/L6/*-A '8*+/7 8'/ 8'&6*9 49 − 32 YUZ 0&' 25/ UMDUKVWK 8*9
123− 100 YUZ 0&' 25/ XJ%KVWK$
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),.6&% '7348 9": ;"$" "<=6,&%; >&+2
$!% 1%-1+&1(
),.6&% '73?8 9%<!"&.% <+2#%-1"$,+- +6$7
#6$(
),.6&% '73@8 A+&2"*,B"$,+- +> $!% ;"$" $+
<+2#"&% $!% 1*+#%(
),.6&% '73C8 D%-1,$,E,$F >+& $!% ,&&"7
;,"$%; 1%-1+&1( G!% 1#,H%1 &%2",-,-.
"&% $!% +-%1 $!"$ $!% "*.+&,$!2 :"1
-+$ "I*% $+ &%2+E%(
J #+1$K#&+<%11,-. "-"*F1,1 ,1 -%<%11"&F $+ &%$&,%E% $!% <+&&%<$ ,->+&2"$,+- +-
$!% <626*"$%; GL0( J I*+<H ;,".&"2 +> $!% "*.+&,$!2 ,1 ;%#,<$%; ,- ),.6&% '73'(
G!% M&1$ I*+<H $&%"$1 $!% #"&$ +> &": ;"$" &%*"$%; $+ $!% &%<!"&.% #&+<%11( G!%
N&%<!"&.% <+2#%-1"$,+-O &%2+E%1 $!% 1"2#*%1 "<=6,&%; ;6&,-. $!% &%<!"&.% #&+<%11
>&+2 $!% ;"$" ,- +&;%& $+ "-"*FB% $!% 1!,>$ +> $!% >&%=6%-<F P),.6&% '73?Q( G!%
;"$" +> $!% &%<!"&.% #&+<%11 "&% ,.-+&%; ,- $!% "-"*F1,1 #!"1%( G!% >&%=6%-<F 1!,>$
&%"<!%1 -%."$,E% E"*6%R "1 <"- I% 1%%- ,- ),.6&% '73?( G!,1 ,1 "- "&$,>"<$ +> $!%
&%<!"&.% <+2#%-1"$,+- #&+<%11,-.( G!61R $!% 16<<%11,E% 1$%# ,1 $+ 2"H% #+1,$,E% $!%
>&%=6%-<F 1!,>$( S+&%+E%&R "** $!% +6$#6$ >&%=6%-<,%1 "&% 1!,>$%; ,- 16<! " :"F $!"$
 !" #$!$ %&'(&)(*+ ),-) .,-/0)-
)1,2 1&3, )1, -&4, (+()(&0 5.,6/,+72 )* 8,)),. 7*49&., )1, -0*9, *5 )1, -,+-*.-$ :1,
4&;(4/4 5.,6/,+72 3&.(&)(*+ (- )&<,+ &- & .,5,.,+7, )* 4&<, )1(- +*.4&0(=&)(*+$ :1,
.,-/0) *5 )1,-, )>* 9.*7,--,- (- .,9*.),' (+ ?(@/., #A B$ C*4, -9(<,- &99,&. *+ )1,
*/)9/) 5.,6/,+72$ :* .,4*3, )1*-, -9(<,- 5.*4 )1, '&)& *5 )1, (..&'(&)(*+ 91&-,D &
',),7)(*+ &0@*.()14 1&- 8,,+ (490,4,+),'$ ?*. )1, 71&.&7),.(=&)(*+ *5 )1, -,+-*.-D
)1, -,+-()(3()2D ,;9.,--,' &- )1, .&)(* 8,)>,,+ )1, 3&.(&)(*+ *5 )1, */)9/) 5.,6/,+72
&+' )1, '*-, E?(@/., #A FGD (- -)/'(,'$
?(@/., #A #H I0*7< '(&@.&4 *5 )1, -),9 +,7,--&.2 5*. )1, 7*+)(+/*/- .,&'(+@ *5 )1,
?JKLC -,+-*.$
 !" #$%&$'&() '*+' ,*+-.'+
M+ )1(- -,7)(*+ )1, 4&(+ .,-/0)- 5.*4 )1, (..&'(&)(*+ (+ '(N,.,+) .,5,.,+7, O,0'- *5
4&(+ (49*.)&+7, 5*. )1, PQ%R ,+3(.*+4,+) &., 9.,-,+),'$ :1, S*&)(+@ @&), >&-
),-),' 5*. )1, O.-) )(4, &) PQ%R (+ )1, TBM%%UK 5&7(0()2D & PQ%R 4(;,' (..&'(&)(*+
5&7(0()2$ :1, *)1,. ),-)- 1&3, 8,,+ 9,.5*.4,' >()1 &
 !
P* -*/.7, &+' >()1 & 9.*)*+-
8,&4 &) )1, VCM 5&7(0()2$
 !"!# $%&'%(')* (+,( %( -./$$01
:1, ),-) &) TBM%%UK E-,, P1&9),. !G >&- 7&..(,' */) *+ & O.-) 3,.-(*+ *5 )1, 9.*)*A
)29,D >1(71 >&- 5.*4 & '(N,.,+) 8&)71 >()1 )1, .,-9,7) )* )1, *+, ),-),' &5),.>&.'-$
:1, -,)/9 >&- &0-* -0(@1)02 '(N,.,+) 5.*4 )1, *+, 9.,-,+),' (+ )1, 9.,3(*/- -,7)(*+
E?(@/., #A  G$ L+, *5 )1, 4&(+ 7*+7,.+- >&- )1, /-, *5 0*+@ 7&80, )* 7*++,7) )1, -,+A
-*.- 5.*4 )1, (..&'(&)(*+ =*+, /9 )* )1, 7*+).*0 =*+, EWX 4,),. 0*+@GD >1(71 (+'/7,'
+*(-, *+ )1, */)9/) -(@+&0$
:1, 4&(+ *8Y,7)(3, *5 )1, 7&49&(@+ >&- )* 3,.(52 )1, >*.<(+@ 9.(+7(90, *5 )1,
?JKLC (+ & 4(;,' O,0'$ M+',,' )1, -,+-*. >&- +*) 2,) 7&0(8.&),' &) )1&) )(4, &+'
)1/-D & 7.*-- 7&0(8.&)(*+ >&- '*+, (+ 9*-)A&+&02-(- 82 ,;90*()(+@ )1, .,-/0)- *5 )1,
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6"7)%$1 #*"8%7 9%&: 8*+1% $+ $!% ,-1$"**"$,+- *+8"$,+- +; $!% )/0<= > ),.?&% '@3AB(
C-+$!%& ,2#+&$"-$ #+,-$ D"1 $+ "11%1 $!% &+E?1$-%11 +; $!% #&+$+$:#% $+ 7%1$&?8$,9%
%9%-$1 1?8! "1 =,-.*% F9%-$1 G"$8!?#(
),.?&% '@3AH IJK66C0 ,-1$"**"$,+-( 6"7L+- +- $+# "-7 )*+"$,-. ."$% E%*+D(
),.?&% '@3MH IJK66C0 ,-1$"**"$,+-( )/0<= 1%-1+&1 D%&% #?$ ,- $!% %N$%&-"* O+-%(
PD+ 1%-1+&1 8+-Q.?&%7 ,- IK/I=FR= 2+7% D%&% #*"8%7 ,- "- "&%" +; IJK66C0
D!%&% $!% 7+1% &"$% D"1 "&+?-7 35 $,2%1 *%11 D,$! &%1#%8$ $+ ,-$%&-"* O+-% >1%%  !"#$%&
SB "1 7%#,8$%7 ,- ),.?&% '@3M( P!% ,&&"7,"$,+- *"1$%7 S5 7":1( P!% 1*+$ D"1 7,9,7%7 ,-
$D+ #"&$1 D,$! $D+ 7,T%&%-$ ,-$%-1,$: #%&,+71 "1 7%#,8$%7 ,- $!% ),.?&%1 '@3UV '@S5W ,-
 ! "#$# %&'(&)(*+ ),-) .,-/0)-
)1, 2.-) 3,.(*' )1, &4,.&5, 3.*)*+- *+ )&.5,) 6789: ;&- 2× 108< ;1(0, (+ )1, -,=*+'
*+, )1, &4,.&5, 789 ;&- &.*/+' 4× 109#
>(5/., "? @A 7.*)*+ *+ )&.5,) 3,.
-,=*+' B*. )1, CDE%%FG ),-) 6H0/,
0(+,:# 91, );* (+),+-()I 3,.(*'- &.,
,4(',+=,'#
>(5/., "?$JA K/L/0&)(4, +/LH,. *B 3.*?
)*+- *+ )&.5,) B*. )1, CDE%%FG ),-) 6H0/,
0(+,:#
91, L,&-/.,L,+)- 3,.B*.L,' (+ CDE%%FG (+ )1, 0*; (+),+-()I 3,.(*' &., ',?
3(=),' (+ >(5/., "?$ # 91, L,&-/.,L,+)- &., =*L3&.,' ;()1 )1, '&)& *B )1, %&'>,)-
L*/+),' *+ )1, %&'M*+ NO 6DJJ +L &+'  JJ +L:# 91, 9EG ;&- )** 0*; )* H,
L,&-/.,' ;()1 )1, %&'>,)  JJ +L ;1(=1 1&- & .,-*0/)(*+ *B *+0I $OJ .&' 6=*+-(',.?
(+5 )1&) )1, %&'M*+ NO 1&- &  $ H() FGK ;()1 & .,-*0/)(*+ *B $#O LN:# 91/- )1,
=*L3&.(-(*+ (- 3,.B*.L,' *+0I ;()1 )1, %&'>,) DJJ +L ;()1 H(&- 4*0)&5, &) J N#
F- ',3(=),' (+ >(5/., "?$ < H*)1 )1, -,+-*.- (+ CEPQRSQ =*+25/.&)(*+ B*00*; +(=,0I
)1, %&'>,) DJJ +L 60*; (+),+-()I 3,.(*':# E+ )1, 1(51 (+),+-()I -0*) )1, -,+-*.- -)(00
;*.T,'< 1*;,4,. )1, '(U,.,+=, H,);,,+ )1, .,-3*+-, *B )1, );* -,+-*.- (+=.,&-,- ;()1
)1, &==/L/0&),' '*-,< .,&=1(+5 & 3,.=,+)&5, '(U,.,+=, *B  JV &) )1, ,+' *B )1, (..&?
'(&)(*+ 3,.(*'< &- ',3(=),' (+ >(5/., "?$$# E+ )1, -&L, 3(=)/.,< () (- &0-* 1(510(51),'
)1, &++,&0(+5 *B )1, %&'>,) ;1,+ )1,., ;&- +* H,&LW =*+4,.-,0I )1, >PG8Q -,+-*.-
'(' +*) -1*; &+I ',=.,&-, *B )1, */)3/) B.,X/,+=I#
91, -,+-()(4()I (+ CYZ.&' 1&- H,,+ =&0=/0&),' &- & B/+=)(*+ *B )1, '*-, .,).(,4,'
HI )1, %&'>,) DJJ +L 6=*+-(',.,' &- & .,B,.,+=,: B*. H*)1 )1, -,+-*.-# F- ',3(=),' (+
>(5/., "?$!< )1, &4,.&5, -,+-()(4()I (+ )1, 0*; -,+-()(4()I 3,.(*' (- *+0I "V 0,-- )1&+
)1, *+, (+ )1, 1(51 (+),+-()I 3,.(*'# 91(- L(-L&)=1 =*/0' H, '/, )* )1, '(U,.,+) '*-,
.&), &) ;1(=1 )1, -,+-*.- &., ,[3*-,' (+ )1, );* 3,.(*'-# 91, &4,.&5, -,+-()(4()I<
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),.6&% '7538 9%1#+-1% +: $!% $;+ )/7
0<= 1%-1+&1 >+2#"&%? ;,$! $!% +-% +:
$!% @AA -2 9"?)%$ ,- $!% *+; ,-$%-1,$B
#%&,+?( C!% .&%%- *,-%1 ,-?,>"$%1 ;!%-
$!% D&1$ &%>!"&.% #&+>%11 !"##%-1(
),.6&% '7558 9%1#+-1% +: $!% $;+ )/0<=
1%-1+&1 >+2#"&%? ;,$! $!% +-% +: $!% @AA
-2 9"?)%$ ,- $!% E,.! ,-$%-1,$B #%&,+?(
C!% "--%"*,-. +: $!% 9"?)%$ ,1 !,.!*,.!$%?(
>"*>6*"$%? +- $!% *"1$ ?"B +: $!% *+; ,-$%-1,$B "-? +- $!% :6** #%&,+? +: $!% !,.!
,-$%-1,$B #%&,+?1F >+-1,?%&,-. $!% ?"$" +: G+$! $!% 1%-1+&1F ,1 "&+6-? 5@4 EHI&"?
;,$! " 1$"-?"&? ?%J,"$,+- K3σL +: M(M EHF &%#&%1%-$,-. " J"&,"$,+- +: @N( C!% -+,1%
*%J%* 2%"16&%? +- $!% +6$#6$ :&%O6%->B ;"1 "&+6-? 'A EHF ?6% $+ $!% *+-. >"G*%
G%$;%%- $!% 1%-1+& "-? $!% &%"?+6$ >,&>6,$&B( C!61F $!% 2,-,262 &%1+*6$,+- ;%
>+6*? ">!,%J% ;,$! $!,1 1%$6# ;"1 "&+6-? 5@P 2&"?(
C!% J"*6%1 !%&% &%#+&$%? >"--+$ G% 61%? $+ >"*,G&"$% $!% 1%-1+&1 G%>"61% +: $!%
>+2#*%Q &"?,"$,+- %-J,&+-2%-$ +: E@R99S0( T+&%+J%&F $!% @AA -2 9"?)%$ ;"1 61%?
"1 " &%:%&%->% G6$ ;% U-+; $!"$ ,$ 6-?%&%1$,2"$%1 $!% CR0 GB @AN VW4X( 0%1#,$% +:
$!"$F ;% #&+J%? $!% ;+&U,-. #&,->,#*% +: $!% 1%-1+& ;!,>! ;"1 $!% 2",- .+"* +: $!,1
%Q#%&,2%-$( )6&$!%&2+&%F $!% 1%-1+&1 "-? ,$1 %2G%??%? &%"?,-. >,&>6,$&B ?,? -+$
16Y%& "-B ?%1$&6>$,J% %J%-$1 6# $+ " Z6%->% +: 4× 109HEH/cm2 ( <- $!,1 G"1,1F $!%
1%-1+& !"1 G%%- >!"&">$%&,H%? $+ .%$ " #&+#%& >"*,G&"$,+- >6&J% ;,$!
 !
 + 1+6&>% "-?
;,$! #&+$+-1 "$ ?,Y%&%-$ %-%&.,%1(
 !"!" #$%&$'&() '*+' $' ',* -./ 0$1&2&'3 4&',
 !
/(
C!% 1%-1+&1 ;%&% $%1$%? "$ $!% [-,J%&1,?"?% ?% ="-$,".+ ?%  +2#+1$%*"F GB 61,-. "
5.8 U ,  ! + 1+6&>%( C!% $%1$1 !"J% G%%- 2"?% "$ J"&,+61 ?,1$"->%1 :&+2 $!% 1+6&>%
$+ ">!,%J% ?,Y%&%-$ ?+1% &"$%1 &"-.,-. :&+2 35 &"?I! $+ 270 &"?I!(
S1 1$"$%? ,- $!%  !"#$%& 5F $!% &%:%&%->% ?+1% ;"1 .,J%- GB $!% :">,*,$B GB 2%"-1
+: " $!%&"#B *%J%* ,+-,H"$,+- >!"2G%& ;!,>! 2%"16&%1 $!% ?+1% &"$%( \B 2%"-1 +: "
 !! "#$# %&'(&)(*+ ),-) .,-/0)-
1(2/., "3$!4 5,+-()(6()7 &- 8/+9)(*+ *8 ):, )(;, 8*. ):, )<* -,+-*.- ),-),' (+
=>?%%@A# B*): ):, 0*< (+),+-()7 C,.(*' &+' :(2: (+),+-()7 C,.(*'- &., -:*<+#
D&E6(,< -*8)<&.,F ):, (*+(G(+2 .&'(&)(*+ (- (+),2.&),' *6,. )(;, &+' ):, '*-, (+ -(0(9*+
(- C.*6(',' <(): &+ &99/.&97 *8 !H# I:, &99/.&97 *8 ):, 9&0(E.&)(*+ <&- 9.*-- 9:,9J,'
<(): ):, %&'1,)- C0&9,' 8,< 9,+)(;,),.- &<&7 8.*; ):, 1KAL5# I:, ),;C,.&)/.,
*8 ):, .**; <&- -)&E0, &+' ;&(+)&(+,' 8*. ):, ,+)(., ),-) &) $M±M# ◦N#
I:, ;&(+ C/.C*-, *8 ):, 2&;;& (..&'(&)(*+ <&- )* 9&0(E.&), ):, -,+-*. .,).(,6(+2
):, */)C/) 8.,O/,+97 &- & 8/+9)(*+ *8 ):, I?A# P*.,*6,.F ):, '*-, .&), ,Q,9)-F ):, I?A
)*0,.&+9, R0(8,S)(;,T *8 ):, -,+-*.- &+' ):, -&;C0, )* -&;C0, 6&.(&)(*+ &., &--,--,'#
?+ ):, I&E0, "#$ ):, ),-) C0&+ 8*. ):, U5N (..&'(&)(*+ (- .,C*.),'# I:, V.-) ),+ ./+-
<,., 9&..(,' */) &) '(Q,.,+) '*-, .&),- &+' 8*. ,&9: '*-, .&), 8*/. +,< -,+-*.- &.,
&'','# I<* *8 ):,; (+ ):, =?K=5WX5 &+' )<* (+ ):, DLY5WX5 9*+V2/.&)(*+# I:,
./+- 8.*;   )* $ <,., 9&..(,' */) )* 9/;/0&), I?A *+ ):, -&;C0,- (+ *.',. )* 6,.(87
):, 0*+23),.; I?A ,Q,9) &+' ):, -,+-*. I?A 0(8,)(;,# ?+ ):, I&E0, "#! ):, -/;;&.7
*8 ):, -,+-()(6()(,- ;,&-/.,' (+ ):, V.-) 10 ./+- &., .,C*.),'# I:, V.-) ):.,, ./+-
<,., ;&', &) 6,.7 0*< '*-, .&), 12 .&'Z:# I:, '*-, .&), *8 ):, -/99,--(6, 8*/. ./+-
<&- 87 .&'Z: &+' ):,+ 270 .&'Z:# I:, C,.9,+)&2, '(Q,.,+9,- *8 ):, -,+-()(6()7 <():
.,-C,9) )* ):, V.-) ./+ &., .,C*.),' (+ ):, 9*0/;+- Diff # I:, ,Q,9) *8 ):, '*-, .&),
-,,;- )* E, (+6,.),' 8*. ):, =?K=5WX5 &+' ):, DLY5WX5 9*+V2/.&)(*+[ 8*. ):,
8*.;,.F ):, -,+-()(6()7 (+9.,&-,- <(): ):, '*-, .&),F <:(0, 8*. ):, 0&)),. ):, -,+-()(6()7
',9.,&-,- *8 &.*/+' 20− 28 H 8.*; 13 .&'Z: )* 270 .&'Z:#
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6"7*% '(89 6%1$ #*"- :+& $!%
 !
 + ,&&";,"$,+-(
<=- >"2#*%1 0+1% <"$% 6?0 #%& <=-
@&";A!B &";
3 3C8 34 34
8 3C8 34 34
4 3C8 34 3D
5 3C8C4C5CEC' F'(G 3H'E
E 3C8C4C5CEC' F'(G FD
' 3C8C4C5CEC' F'(G D3
G 3C8C4C5CEC' F'(G 83E
F 3C8C4C5CEC'CGCFCDC3H 8ED 4FFF
D 3C8C4C5CEC'CGCFCDC3H 8'D 8GF
3H 3C8C4C5CEC'CGCFCDC3H 8'D 8G4
33 3C8C4C5CEC'CGCFCDC3H 8'D(8 'GG
38 3C8C4C5CEC'CGCFCDC3H 8'D(8 543'
34 3C8C4C5CEC'CGCFCDC3H 8'D(8 8D3
35 3C8C4C5CEC'CGCFCDC3H 8'D(8 8G4
3E 3C8C4C5CEC'CGCFCDC3H 8'D(8 5HF
3' 3C8C4C5CEC'CGCFCDC3H 8'D(8 58HH
3F 3C8C4C5CEC'CGCFCDC3H 8'D(8 8FFE
3D 3C8C4C5CEC'CGCFCDC3H 8'D(8 8GGF
8H 3C8C4C5CEC'CGCFCDC3H 8'D(8 5''5
83 3C8C4C5CEC'CGCFCDC3H 8'D(8 8H45
88 33C38C34C35C3E 8HD3 3H3H
84 3'C3GC3FC3DC8H 8HD5 3H38
6"7*% '(49 0+1% &"$% ;%#%-;%-IJ +: $!% )/0K> 1%-1,$,L,$J :+& M?/M>NO> "-;
PKQ>NO> I+-R.=&"$,+-(
PKQ>NO> M?/M>NO>
<=- 0+1% <"$% >%-1,$,L,$J 0,S( >%-1,$,L,$J 0,S(
[ rad
h
] [Hz
rad
] T [Hz
rad
] T
3 34(H 5'(4 H(H 44E(E H(H
8 34(H 55(F C4(8 483(D C5(3
4 34(H EH(4 F(G 484(3 C4(G
5 F'(G 5E(5 C3(D 4HF(8 CE(G
E F'(G 5E(3 C8(' 8DF(3 CF(F
' F'(G 5F(G E(8 8DH(D C33(H
G F'(G E8(5 34(4 8DG(F CF(D
F 8ED(8 5D(E 83(3 88D(3 C8D(D
D 8'D(8 EG(H 8H(F 8'8(F C3D('
3H 8'D(8 ED(3 8F(G 8'H(G C8H(8
 !" #$%$ &'()'*)+, *-.* /-.01*.
2, 3)40/- #5%6 *7- (-8-,(-,9: +; *7- .-,.)*)<)*: +, *7- =2> ). .7+?-( ;+/ *7-
@2A@BCDB ',( EFGBCDB 9+,H40/'*)+, ;+/ ' *-.* (+,- '* %IJ /'(K7$ L 1),-'/ H*
?'. 0.-( *+ -M*/'8+1'*- *7- /'*- '* ?7)97 *7- .-,.)*)<)*: (-9/-'.-$ =7- .-,.)*)<)*:
(-9/-'.-. '* ' /'*- +; 9N -'97 10 O/'(PB)Q ;+/ R+*7 *7- 9+,H40/'*)+,.$ L11 *7- .-,.+/.
.*+8 ?+/O),4 8/+8-/1: '/+0,( 28 O/'(PB)Q$
3)40/- #5%6S >-8-,(-,9: +; *7- .-,.)*)<)*: +, *7- =2> ;+/ *7- EFGBCDB ',( @2A@5
BCDB .-,.+/.T -M8/-..-( '. 8-/9-,*'4- ()U-/-,9- ?)*7 /-.8-9* *+ *7- ),)*)'1 .-,.)*)<)*:$
=7+.- *-.*. '/- 9'//)-( +0* '* ' 9+,.*',* (+.- /'*- +; 270 /'(K7 ),  !V+$ =7- (/+8
+; .-,.)*)<)*: '/+0,( I O/'(PB)Q 9+01( R- (0- *+ ' <'/)'*)+, +; *7- 8+1'/)W'*)+, +; *7-
/-'(+0* 9)/90)*/: (0- *+ *7- =2>$
=?+ /0,. P/0, %%X%!Q 7'<- R--, 81',,-( ), +/(-/ *+ <-/);: *7- .8/-'( 'Y+,4 *7-
.-,.+/. ;/+Y *7- .'Y- 1+* P='R1- #$%Q$ L (+.- /'*- +; %JJJ /'(K7 7'. R--, 97+.-, ',(
*7- 90Y01'*-( =2> ). '/+0,(  O/'( ), +/(-/ ,+* *+ R- .-,.)*)<- *+ *7- 1+,4X*-/Y
=2> -U-9*$ 3)<- ,-? .-,.+/. ;+/ -'97 9+,H40/'*)+, @2A@BCDB ',( EFGBCDB 7'<-
R--, *-.*-( ), ' .),41- )//'()'*)+, /0,$ =7- Y-', ',( *7- .*',('/( (-<)'*)+, +; *7-
.-,.)*)<)*: +; *7- .-,.+/ ). -<'10'*-( (0/),4 '11 *7- /0,$ =7-,T *7- '<-/'4- .-,.)*)<)*:
+; *7- .-,.+/. ). 4)<-, ), ='R1- #$6$ =7- .8/-'(T 9'1901'*-( '. /'*)+ +; *7- .*',('/(
(-<)'*)+, +<-/ *7- *7- Y-',T ). %N ',( IN ;+/ *7- @2A@BCDB ',( ;+/ *7- EFGBCDB
/-.8-9*)<-1:$
 !"#$%& '( )*+"$,-. /"$% 0+1,2%$%& 34'
5"6*% '(78 9#&%": "2+-. ;+2#+-%-$1 <=% 1%-1+&1 >+& %";! ;+-<.?&"$,+- ,&&":,"$%: ,-
" 1,-.*% ,&&":,"$,+- &?-(
@?- 0+1% &"$% 5A0 2%"- 1$: 9#&%":
[ rad
h
] B&":C [Hz
rad
] [Hz
rad
] [σ
µ
] D
EE EFG3 3F3F(E 4EF(G H(I 3(J
E4 EFG7 3F3E '3(' 7(E '(J
5"6*% '(H8 K&+$+- $%1$ #*"-(
 !" #$"%&'% ("$')* +,$-. /0!$"1$ 234 +'56. 4&%$ '57$ +'5689.
3 3LE E4F 1.87× 1010 1.00× 103 H4F
E EL4 3F3(7 1.07× 1010 1.00× 103 HGE
4 4L7 'F(JJ 4.04× 109 5.48× 102 IF'
7 3LE E4F 8.00× 1010 4.27× 103 43G''
H 3LE E4F 7.24× 1010 3.86× 103 43JG'
' 3LE E4F 6.71× 1010 3.58× 103 EGH'J
I 3LE E4F 6.43× 1010 3.43× 103 43GE'
J 3LE E4F 9.37× 1010 5.00× 103 43GEJ
G 3LE E4F 5.21× 1010 2.78× 102 37G4I
3F 3LE E4F 9.37× 1010 5.00× 103 43GIE
33 3LE E4F 8.32× 1010 4.44× 103 43GH4
3E 4L7 E4F 1.88× 1010 1.00× 103 ''IF
34 4L7 E4F 1.88× 1010 1.00× 103 347E4
 !"!# $%&'&( )%%*+,*',&( *' $-)
5!% ",2 +> $!% <&1$ $!&%% &?-1 M"1 $+ ?-:%&1$"-: $!% :%#%-:%-;N +> $!% )/0O9
&%1#+-1% +- $!% #&+$+- %-%&.N( 5!&%% %-%&.,%1 !"=% 6%%- 1%*%;$%: 'F P%QR 3FF P%Q
"-: E4F P%Q( 5!% 1%-1,$,=,$,%1 >+& :,S%&%-$ #&+$+- %-%&.,%1 "&% &%#+&$%: ,- 5"6*% '('(
)+& %";! %-%&.N $M+ -%M 1%-1+&1 M%&% $%1$%: $+ 1$"&$ M,$! " >&%1! :%=,;%( )+& %";!
&?- +-*N 3 T&": +> 5A0 M"1 ;?2?*"$%: 6%;"?1% M% :+ -+$ M"-$ $+ 2,U $!% 5A0 %S%;$1
M,$! $!% %-%&.N :%#%-:%-;N( P+&%+=%&R M% $%1$%: $!% :%=,;% ?1,-. $!% 1"2% :+1% &"$%
>+& %";! %-%&.N( 5!% 1%-1,$,=,$N >+& 6+$! $!% ;+-<.?&"$,+-1 :%;&%"1%1 "1 $!% ,-;+2,-.
6%"2 %-%&.N .+%1 *+M%&( 5!,1 %S%;$ ,1 :?% $+ $!% ;!"&.% N,%*: $!"$ :%#%-:1 +- $!%
$N#% +> $!% ,-;+2,-. #"&$,;*%1 "-: ,$1 %-%&.N( V :%%#%& "-"*N1,1 +> $!,1 #!%-+2%-+-
,1 :+-% ,- $!% 9%;$,+- '(4(
V 1%;+-: $%1$ M"1 ;"&&,%: +?$ ,- +&:%& $+ "11%11 $!% ;"?1%1 +> $!% *+-.W$%&2 5A0
%S%;$ +- $!% 1%-1,$,=,$N M,$! #&+$+-1 "$ E4F P%Q( 5!% &%1?*$1 ,- 5"6*% '(I 1!+M "
:%;&%"1% +> $!% 1%-1,$,=,$N M,$! &%1#%;$ $+ $!% ";;?2?*"$%: 5A0 "1 +61%&=%: M,$! $!%
 !" #$%$ &'()'*)+, *-.* /-.01*.
2'31- #$#4 5-,.)*)6)*7 (-8-,(-,97 +, *:- 8/+*+, -,-/;7 <+/ =>?5@A5 ',( BCDBE
5@A5 9+,F;0/'*)+,.$
=>?5@A5 BCDB5@A5
@,-/;7 G+.- &'*- 5-,.)*)6)*7 G)H$ 5-,.)*)6)*7 G)H$
I-J /'(K: BLK/'( M BLK/'( M
%!N O!N "# N !OP$" N
 N O!N #O$% E Q %PP$" E R
#N O!N ON$R E!! %!P$R E!!
 !
S+ ;'TT' T-'.0/-T-,*.$ U *78)9'1 90/6- +< *:- .-,.)*)6)*7 '. <0,9*)+, +< *:- 2CG
). (-8)9*-( ), V);0/- #E%O$
2'31- #$"4 5-,.)*)6)*7 6'/)'*)+, W)*: /-.8-9* *+ *:- 2CG <+/ *:- =>?5@A5 9+,F;0E
/'*)+, X@,-/;74 %!N I-JY
2CG G)H-/-,9-
XZ/'([5)\Y M
 N
Q$! E !
" E%!
  E% $#
 R E!N
2:- (-9/-'.- +< .-,.)*)6)*7 ). (0- *+ *:- */'88),; +< 9:'/;-. ), *:- F-1( +])(- +<
*:- ^+'*),; ;'*- 9'8'9)*+/$ 2+ 6-/)<7 *:). .*'*-T-,* ' 1+,; /0, W'. 8-/<+/T-( 08 *+
 N Z/'( T-'.0/),; *:- .-,.)*)6)*7 '* *:- 3-;),,),; ',( '* *:- -,( +< *:- )//'()'*)+,$
U<*-/W'/(._ ', ).+9:/+,'1 ',,-'1),; 08 *+ !NN
◦
S W'. 8-/<+/T-( +, *:- )//'()'*-(
.'T81-. X  NY$ 2:- ).+9:/+,'1 ',,-'1),; -H-9* 9', 3- .*0()-( +,17 W:-, *:- .-,.+/
). /-`)//'()'*-( 3-9'0.- *:-/- '/- ,+ -1-9*/)9'1 8'/'T-*-/. *:'* ;)6- ),()9'*)+, +, *:-
.*'*- +< *:- F-1( +])(-$ 2:0._ *:- .'T81-. W-/- ';'), )//'()'*-( </+T  N Z/'( *+  #
Z/'( *+ /-ET-'.0/- *:- .-,.)*)6)*7_ W:)9: /-.01*-( *+ 3- ),9/-'.-( 37 *:- ).+9:/+,'1
',,-'1),;_ '. /-8+/*-( ), 2'31- #$P$
2:- .-,.+/. .*+88-( W+/Z),; 8/+8-/17 '/+0,( %N Z/'([5)\$ a-<+/- *:- -,(`1)<-
', ),9/-'.- +< 90//-,* 9+,.0T8*)+, W'. ,+*)9-($ 2:- ,+T),'1 8+W-/ 9+,.0T8*)+,
). '/+0,( %$O TU ',(  TU <+/ *:- BCDB5@A5 ',( =>?5@A5 9+,F;0/'*)+,. /-E
.8-9*)6-17$ 2:- *-.*. *+ 6-/)<7 *:- 2CG '* W:)9: *:- .-,.+/. .*+8 W+/Z),; W-/- (+,-
+,17 +, *:- =>?5@A5 9+,F;0/'*)+, .),9- *:- (+.-`/'*- W'. :);: ), *:- /0, Q *+  N
['/+0,( !N Z/'(\$
C, *:- V);0/- #E%# *:- 90//-,* <+/ *W+ =>?5@A5 .-,.+/. ). .:+W, W)*: *:- 2CG
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),.6&% '789: ;%-1,$,<,$= "1 >6-?$,+- +> $!% @A0 ?626*"$%B >+& " CA/C;DE; ?+-F.67
&"$,+-(
%G#&%11%B ,- H&"B( ;$"&$,-. >&+2 3I H&"B $!% ?6&&%-$ ?+-162#$,+- 1$"&$1 $+ ,-?&%"1%
&%"?!,-. "&+6-B J 2K "$ 8I H&"B( K 12"** B,L%&%-?% +> "&+6-B 3 2K M%$N%%- $!%
$N+ 1%-1+&1 ?"- M% -+$,?%B( @!% ,-?&%"1% +> #+N%& ?+-162#$,+- N"1 -+$ "- ,116% >+&
$!% #&+$+- $%1$1 1,-?% $!% <+*$".% &%.6*"$+&1 "&% "M*% $+ 16##*= $!,1 "2+6-$ +> ?6&&%-$
6# $+ 89 H&"B(
@!% #&+$+- $%1$ "*1+ "**+N%B "11%11,-. $!% ;,-.*% D<%-$1 161?%#$,M,*,$= +> $!%
)/0O;( @!% $%1$ >+?61%B +- M+$! B%1$&6?$,<% P;,-.*% D<%-$ Q"$?!R#S "-B -+-T
B%1$&6?$,<% %<%-$1( @!% Q"$?!T6# $%1$ N"1 ?"&&,%B +6$ N,$! " 230 U%V #&+$+-1 6# $+
" W6%-?% +> 5.60× 1011 "-B -+ %<%-$1 N%&% &%?+&B%B( E+-TB%1$&6?$,<% ;,-.*% D<%-$1
@"M*% '(5: A&&"B,"$,+- "-B #+1$ ,1+?!&+-"* "--%"*,-. &%16*$1(
CA/C;DE; QOX;DE;
@A0 ;$"&$ D-B Y ;$"&$ D-B Y
H&"B CZ[&"B CZ[&"B CZ[&"B CZ[&"B
I73I 48I 89\ 78I 9J(' \](] 78I
K>$%& ,1+?!&+-"* "--%"*,-. "$ 4II
◦
 
3I739(] 853 7 738 93(J 7 738
 !" #$%$ &'()'*)+, *-.* /-.01*.
2)30/- #4%#5 60//-,* 7+,.089*)+, +: *;+ .-,.+/. 09 *+ %< =/'($ 60//-,* ),7/-'.- 09
*+ " 8> '* %< =/'($
?'@- A--, /-7+/(-( +, *?- BCD ()3)*'1 /-3).*-/. .*+/),3 *?- *-89-/'*0/- @'10- +: *?-
.-,.+/ -8A-((-( ), *?- 2EFGB$ H?- .9)=-. *?'* +77'.)+,'11I '99-'/ +, *?- +0*90*
:/-J0-,7I +: *?- .-,.+/ '/- 7+,.)(-/-( '. B),31- K@-,*. *++$ D: +,- 7+0,*. *?+.- -@-,*.
LM< ), *+*'1NO *?- 7/+.. .-7*)+,. +: *?- /-3).*-/. 7', A- -.*)8'*-( '. 7×10−11cm2 ;)*?
1σ 0,7-/*'),*I +:  MP$ Q+,-*?-1-..O *?+.- .+:* .),31- -@-,*. '/- ,+* ', )..0- .),7-
*?- /-3).*-/. '/- /-:/-.?-( '* -'7? /-'(),3 7I71-$
H?- *-.*. ;)*? ' %!< R-S 9/+*+, A-'8 ?'@- A--, 7'//)-( +0* '1.+ '* 3 ()T-/4
-,* (+.- /'*-. 530 /'(U?O 13 =/'(U? ',( 30 =/'(U?$ D* ?'. A--, @-/)V-( *?'* *?-
WDEWBKQB 7+,V30/'*)+, 7',,+* ;+/= '. :/+8 13 =/'(U?O A-7'0.- *?- (-7?'/3- +:
*?- X+'*),3 3'*- A-7+8-. .+ :'.* *?'* *?- .-,.+/ ). 7+,*),0+0.1I ), /-7?'/3- 8+(-$
2+/ *?). /-'.+, *?- *-.*. '* 13 ',( 30 =/'(U? ;-/- 7'//)-( +0* +,1I +, *?- YGZBKQB
7+,V30/'*)+,$ H?- /-7?'/3),3 9/+7-.. ;'. ,+/8'11I (+,- '991I),3  [ S +, *?- ),\-74
*+/] ?+;-@-/O (0/),3 *?- )//'()'*)+, '* *?- ?)3?-.* (+.- /'*- L30 =/'(U?N *?- /-7?'/3-
@+1*'3- ;'. ),7/-8-,*-( *+  " S *+ .9--( 09 *?- 9/+7-..$ H?- /-.01*. .?+; ' (-7/-'.-
+: *?- .-,.)*)@)*I :+/ *?- YGZBKQB 7+,V30/'*)+, +: '/+0,( 30 P (0- *+ *?- (+.-
/'*- @'/)'*)+, :/+8 M<< /'(U? *+ !< =/'(U? LH'A1- #$"N$
> .-7+,( *-.* 7'89')3, ;'. 7'//)-( +0* *+ '..-.. *?- (+.- /'*- -T-7* '1.+ +, *?-
 !"#$%& '( )*+"$,-. /"$% 0+1,2%$%& 345
6"7*% '(89 :%-1,$,;,$< =%#%-=%->% +- $!% =+1% &"$% ?+& $!% @AB:CD: >+-E.F&"$,+-
=F&,-. #&+$+- ,&&"=,"$,+-(
@AB:CD:
:%-1,$,;,$< G%&>%-$".%
0+1% H"$% I&"=J!K LMJ&"= N
OP8 Q' 5
3R4PR 'O(8 S3R
R38'O OO(4 SPQ
LT/L:CD: >+-E.F&"$,+-( 6!% =+1% &"$%1 "&% *+U%& $!"- $!+1% >!+1%- ,- $!% #&%;,+F1
$%1$ >"2#",.- "-= $!%< "&% "&+F-= O55 &"=J! PO55 &"=J! "-= '555 &"=J! V6"7*% '(35W(
X** $!% $%1$1 !";% 7%%- >"&&,%= +F$ "$ PR5 Y%Z( 6!% ,2#+&$"-$ &F-1 $+ *++[ "$ "&%
$!% HF- 44\4O "-= 4'\ ?+& U!,>! $!% ,&&"=,"$%= 1%-1+&1 U%&% >+2#*%$%*< -%U( 6!F1\
$!%&% ,1 -+ *+-. $%&2 6T0 %]%>$ "]%>$,-. $!%2( 6!%&% ,1 " >*%"& %]%>$ +? $!% =+1%
&"$% +- $!% 1%-1+& 1%-1,$,;,$<( 6!% 1%-1+& 1%-1,$,;,$< =%>&%"1%1 F# $+ R5 N .+,-. ?&+2
" =+1% &"$% +? O55 &"=J!\ $"[%- "1 &%?%&%->%\ $+ "&+F-= QO55 &"=J!( 6!% &%1F*$1 "&%
>+-E&2%= "*1+ &%S,&&"=,"$,-. $!% 1"2% >+2#+-%-$1 ,- =,]%&%-$ =+1% &"$% >+-=,$,+-19
HF-1 4Q $+ O3( T- $!% HF- O3 $!% 1%-1+& >+-E.F&%= ,- @+U :%-1,$,;,$< 2+=% U"1
-+$ U+&[,-. >+&&%>$*< "-= $!% ;"*F% +? 1%-1,$,;,$< ,1 *+U%& $!"- $!% +-% %^#%>$%=(
6!%1% &%1F*$1 >+-E&2 U!"$ "*&%"=< 1%%- ?+& $!% @AB:CD: "$ !,.!%& =+1% &"$%( 6!%
$U+ $%1$ >"2#",.-1 1!+U%= "- ".&%%2%-$ +? "7+F$ 'N ?+& $!% 2%"1F&%2%-$1 +? $!%
1%-1,$,;,$< +? $!% @AB:CD: >+-E.F&"$,+- "$ O55 &"=J!(
6"7*% '(359 :%-1,$,;,$< +? $!% 1%-1+& ?+& %">! &F-\ !,.!*,.!$,-. $!% =+1% &"$% %]%>$1(
6!% 2%"- "-= $!% 1$"-="&= =%;,"$,+- "&% >"*>F*"$%= ?+& %">! 1%-1+&( _T- $!% &F- O3
$!% 1%-1+& ,- @+U :%-1,$,;,$< >+-E.F&"$,+- !"1 " #&+7*%2(
LT/L:CD: @AB:CD:
HF- 0`6 C-%&.< 6T0 0+1% H"$% 2%"- 1$= N 2%"- 1$= N
I&"=K I&"=J!K ILMJ&"=K ILMJ&"=K N ILMJ&"=K ILMJ&"=K N
44 RQ5 RQ3 PR5 PO5 OP' Raa(O 35(P 5 a4(Q '(P 5
48 RQ5 RQ3 PR5 P55(P OaO8 R53(8 4(R SP8 '3 R(a SR8
O5 RQ5 RQ3 PR5 3O5(Q PO4Q R58(3 4(R SP' 'R(' P(4 SRR
O3 RQ5 RQ3 PR5 355(3 OP' R8P(' a(8 3 '8(5_ a(' SPR_
4O RQP RQR PR5 PO5(4 PO4' R5Q(8 O SP' '8(R Q(P SPP
4' RQ4 RQO PR5 PO3(3 Qa'5 P8'(Q R(' SR3 'P(Q R(' SRO
4Q RQ4 RQO PR5 355(3 O3O RQO(O 8(Q SR aR(Q R(a S3
 ! "#$# %&'() *+,-. /0, 12/34- 56-., *-/783-*-097
 !" #$%&' ()*+, -.* /0-12+ 34+,* (+-561+(+.75
:- 2/;- ,671877-, /<+89 92- ,6=-3-09 >2-0+*-0/ 92/9 1/87- / ;+.9/4- ,36?9 +0 92-
%&'() 7-07+3# @2- *+79 76406A1/09 +0-7 /3- 92- 4-0-3/96+0 +? -.-193+0B2+.- >/637
C2612 0-893/.6D- 92- %& 12/34- /0, 92- 12/34- 93/>>604 60 92- )6(
 
# @2- >2-0+*-0/
+? -.-193+07 E+3 2+.-7F -71/>604 ?3+* 92- G+/9604 4/9-H /.7+ 1/..-, >2+9+I-*6776+0 J KLMH
2/7 / */3460/. -=-19 +0 92- %& ;+.9/4-# @2- /*+809 +? -.-193+07 >2+9+-*677-, 67 /
?80196+0 +? 92- +N6,- -.-19361 A-.,# %+3 .+CI-.-19361 A-., << 0.5MV/cmH /7 60 +83
1/7-H 92- >-31-09/4- +? 12/34- 56-., ,8- 9+ >2+9+-*677-, -.-193+07E+3 2+.-7F 67 0-/3.5
-O8/. D-3+ J K"M#
%6483- "BPQR )12-*/961 79381983- +? 92- %&'() C692 92- 1/>/169/01- *+,-.#
%3+* 92- 76*>.- -O8/96+0 +? / S() 1/>/169+3 C- C/09 9+ -N93/>+./9- 92- */60
>/3/*-9-37 9+ *+,-. 92- %&'() 7-07+3 1+076,-3604 92- >2-0+*-0+0 +? 92- -.-193+0B
2+.- >/637 ,-12/3604 92- G+/9604 4/9-# @2- 6+06D604 3/,6/96+0 1/0 <- 93-/9-, /7 /
1833-09 G+C604 60 92- S() 1/>/169+3 /7 72+C0 60 E"#$FR
i(t) =
dQcoll(t)
dt
= −Csum
dVFG(t)
dt
E"#$F
C2-3- Csum 67 92- 78* +? 92- 1/>/169/01- /77+16/9-, C692 92- G+/9604 4/9-H 92- 3-/,604
S() /0, 92- 60T-19+3H Cup, Cdown, Cmos, Cinj E%6483- "BPQF# @2- 9-3*7 VFG 67 92-
G+/9604 4/9- >+9-096/. *-/783-, <5 92- 3-/,604 S()# @2- 12/34- Qcoll 1+..-19-,
,83604 92- -N>+783- 1/0 <- 3-C3699-0 /7R
Qcoll = g0f(En, F i)D
∑
1<i<sens
Aiti E"#!F
@2- 12/34- ,-07695 g0 13-/9-, 60 92- +N6,- <5 6+06D604 3/,6/96+0 2/7 <--0 *-/783-,
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67 8%-%9%$$+ "-9 8+%1! :;<= "-9 ,1 "&+>-9 1.3 × 10−6C/cm3/rad( ?!% $%&2 D ,1
$!% 9+1% &%@%,A%9 ,- radB C!,*% $!% $%&21 f(En, F i) ,1 $!% D&"@$,+- 7,%*9 "-9 C%,.!$1
$!% "2+>-$ +D @!"&.% $!"$ @"- %1@"#% &%@+26,-"$,+-E $!% D&"@$,+- 7,%*9 ,1 " D>-@$,+-
+D $!% %*%@$&,@ F%*9 FiB $!% $7#% +D $!% ,-@+2,-. #"&$,@*%1 "-9 ,$1 "11+@,"$%9 %-%&.7
En( ?!% @!"&.% @+**%@$,+- 9%#%-91 +- $!% A+*>2%1
∑
1<i<sensAiti C!%&% sens ,1 $!%
->26%& +D 1%-1,$,A% A+*>2% #&%1%-$ ,- $!% 1%-1+&( G- $!% )/0HI $!% A+*>2% @+A%&%9
67 $!% J+"$,-. ."$% +A%& $!% F%*9 +K,9% ,1 6,..%& $!"- $!% +-% &%#&%1%-$%9 67 $!%
&%"9,-. LHI "-9 $!% ,-M%@$+& $!>1 $!% %N>"$,+- O'(4P @"- 6% &%C&,$$%- "1Q
Qcoll = g0f(En, F i)D(t)AFG[tdown + tup] O'(;P
?!% @+**%@$,+- A+*>2% @+-1,1$1 +D $C+ #"&$1B $!% F&1$ ,1 .,A%- 67 $!% "&%" +D $!% J+"$,-.
."$% +A%& $!% F%*9 +K,9% AFG 2>*$,#*,%9 67 $!% $!,@R-%11 OtdownP +D $!% +K,9% D&+2
$!% 1>61$&"$% $+ $!% #+*7 ."$% "-9 $!% 1%@+-9 +-% 67 AFG 2>*$,#*,%9 67 $!% $!,@R-%11
OtupP +D $!% +K,9% D&+2 $!% #+*7 ."$% ># $+ $!% "*>2,-,>2 1!,%*9,-. +- $!% L%$"* 3
*"7%& O),.>&% 'S5<P(
?!% J+"$,-. ."$% #+$%-$,"* @"- 6% &%C&,$$%- "1Q
dVFG = −
g0f(En)AFG[tdown + tup]dD
Csum
O'('P
G- $!% %N>"$,+- O'('P $!% @!"&.% 7,%*9 ,1 @+-1,9%&%9 ,-9%#%-9%-$ +- $!% %*%@$&,@ F%*9(
?!,1 "11>2#$,+- ,1 $&>% D+& $!% )/0HI 1%-1+& 6%@">1% $!% A"&,"$,+- +D $!% J+"$,-.
."$% #+$%-$,"* ,1 *,2,$%9 $+ " D%C !>-9&%91 +D 2T "&+>-9 $!% J+"$,-. ."$% #+$%-$,"*
+D "&+>-9 4 T( ?!>1B $!% %*%@$&,@ F%*9 +A%& $!% +K,9% @"- 6% "11>2%9 "1 @+-1$"-$ "-9
%N>"* $+ U(U' LTV@2 O*+C F%*9P( G-$%.&"$,-. %N>"$,+- O'('P "-9 -+&2"*,W,-. ,$ "1 "
D>-@$,+- +D $!% 9+1% ,-@&%2%-$B C% .%$Q
VFG0 − VFG1
D0 −D1
= −g0f(En)AFG[tdown + tup]
Csum
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?!% %N>"$,+- O'(XP %K#&%11%1 $!% 1%-1,$,A,$7 +D $!% 1%-1+& "1 TV&"9 C!,@! &%1>*$1 $+
6% −33 × f(En) 2TV&"9 D+& $!% $%1$%9 )/0HI #&+$+$7#%( G- $!% *"1$ %N>"$,+-B
$!% 1%-1,$,A,$7 ,1 9,&%@$*7 #&+#+&$,+-"* $+ $!% "&%" +D $!% J+"$,-. ."$% 6>$ ,-A%&1%*7
#&+#+&$,+-"* $+ $!% 1>2 +D $!% @"#"@,$"-@%1( I,-@%B $!% @"#"@,$"-@% ,1 9,&%@$*7 #&+S
#+&$,+-"* $+ $!% "&%"B "-9 $!% "&%" +D $!% ,-M%@$+& "-9 $!% &%"9,-. LHI "&% A%&7 12"**
@+2#"&%9 $+ $!% +-% +D $!% J+"$,-. ."$% OCsum ,1 9+2,-"$%9 67 $!% Cup "-9 CdownPB
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$!% 1%-1,$,A,$7 A"*>% +D −33f(En) 2TV&"9 ,1 $!% 1"2% D+& 6+$! $!% ZH[I\]I "-9
^G/^I\]I @+-F.>&"$,+-1B "-9 $!% ,-@&%2%-$ +D 1%-1,$,A,$7 6%$C%%- $!% $C+ @+-S
 !" #$"$ %&'() *+,-. /0, 12/34- 56-., *-/783-*-097
:483/96+07 67 +0.5 ,8- 9+ 92- 93/07;1+0,819/01- +< 92- 3-/,604 =()$ >0,--,? 92-
@>&@)AB) 2/7 / C644-3 3-/,604 =() 92/0 92- D(E)AB) 60 +3,-3 9+ /126-F- /
2642-3 7-07696F695$ G0+H604 92- 3-./96+0 C-9H--0 92- I+/9604 4/9- F+.9/4- /0, 92-
+89J89 <3-K8-015 LC5 *-/07 +< / @)M>NA 76*8./96+0O? 92- 3/96+ C-9H--0 92- F/36/96+0
+< 92- 4/9- J+9-096/. /0, 92- ,+7- 67 -F/.8/9-, 87604 92- 3-78.97 +< 92- 9-79 1/*J/6407$
P2-7- 3-78.97 /3- 607-39-, 60 92- /0/.5961 *+,-. 9+ 4-9 92- 12/34- 56-., </19+3 f(En)
<+3 ,6Q-3-09 95J-7 +< J/3961.-7 /0, ,6Q-3-09 -0-346-7$
%6483- #RSTU )12-*/961 79381983- +< 92- %&'() H692+89 92- 60V-19+3$
P2- %&'() 79381983- 67 / 4++, 1/0,6,/9- 9+ *-/783- 92- 12/34- 56-., /9 F-35
.+H -.-19361 :-., /9 3++* 9-*J-3/983-$ W78/..5 9+ *-/783- 92- 12/34- 56-., /9 .+H
-.-19361 :-.,? 92- 9-797 /3- 1/336-, /9 .+H 9-*J-3/983-7 X   Y C-1/87- 92- 2+.- 93/07J+39
67 J3/1961/..5 <3--Z-, C89 92- H+3[ X  SY H/7 92- :379 9+ ,-*+0793/9- 92/9 9-*J-3/983-
2/, / 793+04 60I8-01- +0 92- 12/34- 56-., /9 .+H -.-19361 :-.,7$ P2- %&'() 79381983-
2/7 7+*- /,F/09/4-7 H692 3-7J-19 9+ 92- 878/. =() 93/07679+3\ 7601- 92- 7-07+3 67
C/7-, +0 92- /00626./96+0 +< 92- 2+.-7 60 92- I+/9604 4/9-? 92- [-5 *-12/067* 67 92-
93/07J+39 +< 92- -.-193+07 9+ 92- I+/9604 4/9-? H2612 67 </79-3 92/0 92- 2+.- +0- /0,
0+9 7+ /Q-19-, C5 92- 93/JJ604 60 92- +]6,-$ %+3 92+7- 3-/7+07 92- ,-12/34604 +<
92- %& 67 / 1+0F-06-09 H/5 9+ *-/783- 92- /*+809 +< 12/34-7 92/9 -71/J- 92- 60696/.
3-1+*C60/96+0 /9 3++* 9-*J-3/983-$
P2- F/.8-7 +< 7-07696F695 60 *^_3/, <+80, H692 92- *-/783-*-097 /07 H692 92- 2-.J
+< @)M>NA /3- */912-, H692 92- 92-+3-961/. +0- L−33f(En)mV/radO 9+ 1/.18./9- 92-
12/34- 56-., f(En) J/3/*-9-3 <+3 J3+9+07 /9 ,6Q-3-09 -0-346-7 /0, <+3 92-  !N+ 4/**/
LP/C.- #$  O C5 87604 92- -K8/96+0 #$`$ a+92 92- F/.8-7 <+3 92- 4/**/ /0, 92- J3+9+0
633/,6/96+0 /3- 1+07679-09 H692 92- +0-7 <+80, 60 X  "Y$ P2- ,6713-J/015 +< 92- f(En)
F/.8-7 <+3 92- @>&@)AB) H692 3-7J-19 9+ 92- D(E)AB) 1+0:483/96+0 67 ,8- 9+
801-39/6095 +< 92- @)M>NA 76*8./96+0$ P2- 801-39/6095 +0 92- *-/783-*-097 +< 92-
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5!"&.% 6,%*7 5"- 8% %1$,2"$%7 $+ "&+9-7 :;< "-7 ,$ 7%#%-71 +- 7,=%&%-$ >"5$+&1? 195!
"1 $!% 1%-1+&1 9-5%&$",-$6? $!% "55929*"$%7 @A0? B!,5! B"1 C%#$ "1 *+B "1 #+11,8*%
$+ "D+,7 "-6 16-%&.,1$,5 @A0 %=%5$1 +- $!% 2%"19&%2%-$? "-7 $!% 7+1% 9-5%&$",-$6 +>
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 !
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 !
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@!% #!61,51 8%!,-7 $!% U+"$,-. ."$% 1$&95$9&% "-7 $!% B+&C,-. #&,-5,#*% +> $!% U+"$,-.
."$% 7+1,2%-$%& !"D% 8%%- "-"*6V%7 ,- $!,1  !"#$%&( @!% 8"1,5 2%5!"-,12 +- B!,5!
$!% 1%-1+& ,1 8"1%7 ,1 $!% "--,!,*"$,+- +> $!% 1$+&%7 5!"&.%1 ,- $!% U+"$,-. ."$% 79%
$+ $!% &"7,"$,+-W,-795%7 5!"&.%1 ,- $!% M,K
"
19&&+9-7,-. $!% )/( @!% 5+-1%X9%-5%
+> $!% U+"$,-. ."$% 7,15!"&.,-. ,1 " D"&,"$,+- +> $!% $!&%1!+*7 D+*$".% +> $!% &%"7,-.
GKM)N@( A- $!% )/0KM 1%-1+&? $!% D"&,"$,+- +> Vth ,1 5+-D%&$%7 ,- " >&%X9%-56 1!,>$
86 2%"-1 +> "- +15,**"$+& %28%77%7 ,- $!% 1"2% A (
@!% 1%-1+& ,1 7%F-%7 "1 " MMK 8%5"91% ,$ !"1 1%D%&"* 5+-F.9&"$,+- "-7 1%D%&"*
+9$#9$ $!"$ 5"- 8% 2+-,$+&%7( @!% 5+2#*%Y 161$%2 -%%7%7 " 1+#!,1$,5"$%7 $%1$ 1%$9#
$+ "55+22+7"$% "** $!% $6#% +> -%%7%7 2%"19&%2%-$1( G+&%+D%&? 8%5"91% +> ,$1 -"$9&%
+> 2,Y%7W1,.-"* 5!,# Z,$ %28%71 "-"*+. "-7 7,.,$"* #"&$[ " 5+2#*%$% 5!"&"5$%&,V"$,+-
>+& 7%1$&95$,D% "-7 -+-W7%1$&95$,D% %=%5$ B"1 -%%7%7(
@!% 1%-1+& !"1 8%%- $%1$%7 ,-
 !
 + ."22" F%*7? #&+$+- 8%"2 "-7 ,- " 2,Y%7
&"7,"$,+- F%*7 >"5,*,$6 "$  N\O( @!% F&1$ $%1$ B"1 5"&&,%7 +9$ ,- P4A\\]0? " 2,Y%7
&"7,"$,+- F%*7 >"5,*,$6 "$  N\O( @!% $%1$1 2",-*6 >+591%7 +- $!% D%&,F5"$,+- +> $!%
B+&C,-. #&,-5,#*% "-7 $!% 5!"&"5$%&,V"$,+- +> $!% 1%-1+& >+& 7%1$&95$,D% %D%-$1 ,- "-
%-D,&+-2%-$ D%&6 5*+1% $+ $!% +-% ,- B!,5! ,$ 2,.!$ B+&C( @!% 1%-1+& B"1 5&+11W
5"*,8&"$%7 B,$! " \"7)%$ 4;; -2 "-7 " 1%-1,$,D,$6 +> :4; PVI&"7 B"1 2%"19&%7( A$
!"1 8%%- 1!+B- $!"$? 7%1#,$% $!% \"7)%$? ,$ 7+%1 -+$ 19=%& +> "--%"*,-.? "$ *%"1$ "$
D%&6 *+B @A0( @!% $%1$ B"1 -+$ ,-$%-7%7 $+ 8% " 5"*,8&"$,+- 89$ ,$ ."D% 91 " .++7
 !" #$!$ %&''()*
+,,-.(/0 12 34, 51667.8, &6, 1+ 34, 6,261) 72 34, 9(-:12 6*63,'$ ;4, 6,/12- 63,5
<(6 31 3,63 34, 6,261) <734
 !
=1 >(''( (2- 5)13126$ ;4, 3,636 <,), /())7,- 1&3
31 ?,)7+* 34, 812>@3,)' ;AB ,C,/3D 34, ;AB 87+,37',D 34, -16, )(3, ,C,/3 (2- E2(88*
34, 65),(- 72 34, 813$ ;4, ;AB 87+,@37', ),6&83,- 31 ., ()1&2- FG 0)(-H%7I (2- FJ
0)(-H%7I +1) 34, >(''( (2- 34, 5)1312 7))(-7(3712D ),65,/37?,8*$ ;476 -76/),5(2/*
/1&8- ., -&, 31 34, /1'.72,- ,C,/3 1+ 313(8 -16, (2- -7658(/,',23 -('(>, /(&6,- .*
34, 5)13126$ A2 ( +&3&), 5)1313*5, 61', '737>(3712 3,/427K&,6 (5587,- -7),/38* 72 34,
L%A= -,67>2D 6&/4 (6 ,2/816,- >(3, 8(*1&3 HMN;I 1+ :O% 3)(267631)6D <788 ., (5587,-
31 ., '1), )(-7(3712 318,)(23$
O2, 63788 15,2 K&,63712 76 34, /4(2>, 1+ 34, 6,261) 6,26737?73* <73472 PJQ <734
34, -16, )(3,R 31 .,33,) &2-,)63(2- 3476 54,21',212 134,) 3,636 <788 ., /())7,- 1&3
72
 !
=1D '(3/472> 34, 6(', -16, )(3,6 1+ 34, 5)1312 3,636$
;4, 5)1312 3,636D <47/4 <,), 5,)+1)',- (861 31 ?,)7+* 34, %MM 6&6/,537.7873* 1+
34, 6,261)D 641<,- 34(3 34, /475 76 %MN +),, &5 31 ( S&,2/, 1+ 5.60× 1011 1+ FPJ :,T
5)13126$ ;4, 212U-,63)&/37?, /)166 6,/37126 1+ 34, 1&35&3 1+ 34, 6,261) 76 7×10−11cm2$
V12,34,8,66D 3416, ,?,236 (), 213 (2 766&, 672/, 34, ),>763,)6 (), ),+),64,- (3 ,(/4
),(-72> /*/8, 1+ F 6,/12-6$
L2 (2(8*37/(8 '1-,8 1+ 34, 6,261) 4(6 .,,2 5),6,23,- (2- 34, 34,1),37/(8 6,267U
37?73* +1) 34, 5)1313*5, 1+ WXBO% 4(6 .,,2 ,?(8&(3,-$ ;4, '1-,8D <47/4 ,Y58(726
34, <1)072> 5)72/758, 1+ 34, 6,261)D 47>4@87>43,272> 34, ,8,/3)7/(8 (2- >,1',3)7/(8
5()(',3,)6 (C,/372> 34, 6,261) 6,26737?73*D 5,)'733,- 31 ,?(8&(3, 34, /4()>, *7,8-
(3 81< ,8,/3)7/ E,8- HJ$J# :TZ/'I <734 5)13126 (3 ,2,)>7,6 )(2>72> +)1' FPJ :,T
-1<2 31 #J :,T (2- +1)
 !
=1D 1.3(7272> ),6&836 <47/4 (), 72 >11- (>),,',23 <734
873,)(3&),$ L.1?, (88D 3476 -,'1263)(3,6 34(3 34, 6,261) /(2 ., &6,- (6 ( /4()>, *7,8-
',(6&),',23 3118 (3 )11' 3,'5,)(3&), +1) ?,)* 81< ,8,/3)7/ E,8-$
;4, 6,261) /1&8- ., ( >11- /(2-7-(3, (6 ( -167',3,) (3 =M9V -&, 31 736 872,()73*
(2- 47>4 ),618&3712 H()1&2- PJ ')(-H%7I +1) [AX[%MV% /12E>&)(3712 /1267-,)72>
 J [\ 1+ 2176,I <47/4 1?,)/1',6 34, ),618&3712 1+ (  JJ 2' 9(-WM; H/1267-,)72>
34, 9(-:12 T#I .* ( +(/31) .7>>,) 34(2  JJ$ ;4, ,(6, 1+ 723,>)(3712 72 34, (/3&(8
9(-:12 6*63,' 76 (2134,) >11- (-?(23(>,$ ;4, &2/,)3(7237,6 -&, 31 34, ,2,)>* 1+
34, 72/1'72> 5()37/8,6D (2 766&, (861 +1) 34, 9(-WM;6D ),'(726 (2 &2/,)3(723* 3,)' 31
3(0, 72 /1267-,)(3712 <4,2 ),51)372> 34, -16, ?(8&,$ A2 34, +&3&), ( 2,< -,?,815',23
(2- 2,< 3,636 (), +1),6,,2 31 63&-* -7C,),23 S1(372> >(3, 63)&/3&),6 (2- 6,261)6 31
),-&/, 34,6, &2/,)3(7237,6 3,)'6$ ;4, -16, )(3, ,C,/3 76 63788 (2 15,2 766&, 31 .,
(66,66,- <734 '1), )(-7(3712 3,63 (2- 2,< -,?,815',23 31 &2-,)63(2- 34, 54*67/(8
/(&6,6 1+ 34(3 54,21',212$
 !"#$%& '( )*+"$,-. /"$% 0+1,2%$%& 34'
 !"#$%& '
 ()*+,-.()- ")/ (,$+((0-
 !"# $!%#"# "# &%'($%& $( $!% #$)&* +,& &%'%-(./%,$ (0 $!% 1+&"+$"(, /(,"$(1",2
",#$1)/%,$ 0(1 $!% %-%3$1(,"3 3(/.(,%,$# )#%& ", $!% 4567 $!% 8+&9(,:  !% /+",
(;<%3$"'% (0 $!% 8+&9(, "# $( /%+#)1% $!% &"#$1";)$"(, +,& 1+$%# (0 $!% 1+&"+$"(,
-%'%-# ", $!% 456 +,& "$# +33%-%1+$(1 3!+",# &)% $( + !+1#! +,& ),"=)% 1+&"+$"(,
%,'"1(,/%,$:
 !"# >(1? 1%.(1$# $!% %@(1$# /+&% $( "/.1('% $!% 1+&"+$"(, !+1&,%## +,& $!%
+33)1+3* (0 $!% 8+&9(,:  !% .1%3"#"(, (0 $!% &(#"/%$1* !+# ;%%, "/.1('%& ;*
+33)1+$% 3+-";1+$"(,# (0 $!% #%,#(1# +,& $!% 3(,$",)()# %@(1$ $( "/.1('% $!% #%,#"$"'"$*
+,& 1%#(-)$"(, (0 ()1 #*#$%/ &1('% $!% ",'%#$"2+$"(, (0 ,%> #%,#(1#:
A, (1&%1 $( "/.1('% $!% 1+&"+$"(, 1(;)#$,%## (0 $!% !+1&>+1%B + #.%3"C3 1+&"+$"(,
$%#$",2 #$1+$%2*B ,%%&%& $( =)+-"0* 1+&"+$"(, 3(/.(,%,$# >+# +&(.$%&:  !)#B $!%
8+&9(, !+# ;%%, =)+-"C%& >"$! $!% ),"=)% .(-"3* +&(.$%& +$ 6D8E ", (1&%1 $(
#+0%-* +,& 1%-"+;-* &%.-(* $!% ,%> #*#$%/ +1(),& $!% !($ +1%+#:  !% ,%> '%1#"(,B
$!% 8+&9(, FGB !+# ;%%, &%'%-(.%& $( 0)-C-- +-- $!% 1%=)"1%/%,$# (0 $!% .1%'"()#
'%1#"(,B #(-'% $!% "##)%# 0(),& ", (.%1+$"(, +,& "/.1('% $!% +33)1+3* +,& 1%#(-)$"(,
(0 $!% /%+#)1%/%,$# 3+11"%& ()$ >"$! $!% %/;%&&%& #%,#(1#:
 !% ,%> 0%+$)1%# (0 $!% 8+&9(, FG ",3-)&% $!% .(##";"-"$* $( 1%/($%-* #%-%3$
&"@%1%,$ 3(,C2)1+$"(,# >"$!()$ ,%%&",2 +, (.%1+$(1 ",$%1'%,$"(, ", $!% $),,%-B +# "$
>+# $!% 3+#% 0(1 $!% .1%'"()# '%1#"(,:  !% +3=)"#"$"(, 3!+", >+# "/.1('%& ", (1&%1 $(
",31%+#% $!% 1%#(-)$"(, (0 $!% HI6 +,&B 3(,#%=)%,$-*B (0 $!% +,+-(2 #%,#(1#: H,($!%1
HI6 !+# ;%%, +&&%& $( $!% 8+&9(, +,& "$ "# &%'($%& $( $!% #%-0J&"+2,(#$"3 (0 $!%
!+1&>+1%:
H-- $!% 3(/.(,%,$# (0 $!% ,%> '%1#"(, !+'% ;%%, $%#$%& +,& =)+-"C%& ),&%1 1+K
&"+$"(, 0(--(>",2 $!% 6D8E .(-"3*: A, $!"# >(1? $!% $%#$# (, $!% '(-$+2% 1%2)-+$(1#B
LMNHB +,& $!% HI6 !+'% ;%%, 1%.(1$%& +,& &"#3)##%&:  !% /%+#)1%/%,$ (0 $!%
DEOP !+# ;%%, .1(.(#%& +# ,%> $%#$",2 /%$!(&(-(2* 0(1 HI6#B #"/)-+$"(,# +,&
QRS
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5%".-&%5%*$. !"6% 7%%* 5"$+!%0 /* )&0%& $) &%+)&0 $!% 89:. "*0 /*$%&*", 6),$";%
&%<%&%*+% 0&/<$( =,, $!% +)5#)*%*$. !"6% 7%%* $%.$%0 .%#"&"$%,> "*0 " .>.$%5 $%.$ !".
7%%* +"&&/%0 )-$( ?!"*1. $) $!% &/;!$ +)5#)*%*$. .%,%+$/)* $!% ?@A ,/5/$ !". 7%%*
&"/.%0 -# 5)&% $!"* " <"+$)& B C/$! &%.#%+$ $) $!% #&%6/)-. D"0E)* 6%&./)*(
 )*+%&*/*; $!% 0)./5%$&>F $!% "++-&"+> "*0 &%.),-$/)* )< $!% ?@A 5%".-&%5%*$.
!"6% 7%%* /5#&)6%0 7> 5%"*. )< "* "++-&"$%
 !
 ) +",/7&"$/)* )< $!% D"0G%$.( ?C)
$>#%. )< D"0G%$.F C/$! 0/H%&%*$ ;"$% )I/0% $!/+1*%.. J3KK *5 "*0 2KK *5LF !"6%
7%%* +",/7&"$%0( ?C) ;"$% 7/"./*; +)*0/$/)*. !"6% 7%%* $%.$%0 C!%* $!% D"0G%$ /.
/&&"0/"$%0M )*% C/$! $!% ;"$% "$ ;&)-*0 "*0 $!% )$!%& "$ N O P( =* /*+&%".% )<
.%*./$/6/$> )< "&)-*0 " <"+$)& B !". 7%%* 5%".-&%0 -./*; $!% NO P 7/"./*; <)& 7)$!
$>#%. )< D"0G%$.( @$ !". 7%%* .!)C* $!"$ $!% 0).% &"$% %H%+$. /*$&)0-+%. "* %&&)&
.5",,%& $!"* 2KQR "*0 $!% $%.$ "$ $C) $%5#%&"$-&%. JSO
◦
 "*0 3K
◦
 L .!)C%0 $!"$
$!% .%*.)& &%.#)*.% /. *)$ 0%%#,> "H%+$%0 7> $!% "7.),-$% 6",-% )< $!% $%5#%&"$-&%F
#&)6/0%0 $!"$ /$ 0)%. *)$ +!"*;%(
A-&/*; $!% D"0E)* )#%&"$/)*F " +!"*;% )< $%5#%&"$-&% /. #)../7,%R $!%&%<)&%
7%/*; $!% D"0G%$ $!&%.!),0 6),$";% .%*./$/6% $) $!% $%5#%&"$-&%F $!% 5%".-&%5%*$
)* $%5#%&"$-&% +)%T+/%*$ ". <-*+$/)* )< $!% 0).% /. *%+%.."&>( ?!% 5%".-&%5%*$.
.!)C%0 $!"$ $!% $%5#%&"$-&% +)%T+/%*$ /*+&%".%. ,/*%"&,> C/$! $!% 0).%( ?!% ,/*%"&
U$ <)& 7)$! $!% 3KK *5 "*0 2KK *5 +"* 7% %"./,> /5#,%5%*$%0 /* .)<$C"&% )& /* $!%
U&5C"&% )< $!% D"0E)*(
=<$%& $!% /&&"0/"$/)*F $!% "**%",/*; &"$% )< $!% 3KK *5 D"0G%$ /. !/;!%& $!"* $!%
2KK *5( ?!/. +"* !"6% " 7/; /5#"+$ /* )#%&"$/)* C!%* $!% "++%,%&"$)& /. /* .!-$0)C*
"*0 $!% /*<)&5"$/)* )* $!% 0).% /. #"&$/",,> ,).$(
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